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ABSTRACT
Title of Dissertation:

2020: Low Sulphur Regulation – The Underlying
Potential to Improve the ‘Energy Efficiency Design
Index’ of Ships.

Degree:

Master of Science

This dissertation is providing a theoretical analysis of the potential benefits with the
sulphur-free fuel and identifies the comparative disadvantages associated with the
prevalent marine fuels containing sulphur with a regulatory limit of 3.5%. In addition,
it analyses the need and development of sulphur regulation, followed by a safety
analysis of compliant fuel i.e., Liquefied Natural Gas (LNG).
A brief analysis based on chemical formulae presents chemical characteristics of
sulphur-contaminated fuel that generates corrosive sulphuric acid during combustion
and thus limits the lower working temperature at 160C and in effect reduces the
thermal efficiency. To overcome this technical limitation, LNG is proposed as a
solution fuel and the advantage is calculated based on thermodynamic laws. The result
is validated for its application to steam-based and diesel engine based propulsion
system. Two suitable technologies Organic Rankine Cycle (ORC) and Steam Rankine
Cycle (SRC) and its application to ships are discussed as case studies.
The economic aspects are examined with a case study performed by ‘MaschinenfabrikAugsburg-Numberg’ (MAN) and ‘Germanischer Lloyd’ (GL) that provided a
maximum payback period of 84 months. The result is further supported by a joint
evaluation report presented by ‘Committed to the environment’ (CE) Delft and
‘Toegepast Natuurwetenschappelijk Onderzoek’ (TNO) to the European Commission;
the Cost-Based Analysis (CBA) based on the drivers and barriers to ‘LNG as marine
fuel’, scores positive ‘Net Positive Value’ (NPV) of less than 11 years in most of the
cases considered.
The overall result takes a ‘proof test’ as ‘Strengths Weaknesses Opportunities and
Threats’ (SWOT) analysis, that provides an inclination towards LNG’s strength and
opportunities compared to other fuel options. Based on IMO regulations and MEPC
guidelines, the gain in efficiency is quantified for a presumed ship and linked to the
improvement in Energy Efficiency Design Index (EEDI) of a ship.
The conclusion of the dissertation endorses the viability of proposal and establishes a
positive underlying link between the two regulations i.e., MARPOL Annex-VI,
regulation-14, and regulation-21, with the use of LNG or other sulphur-free fuel.
Keywords: Sulphur, Acidic-corrosion, Technical limitation, LNG, Low-sulphur
regulations, ORC, SRC, Positive NPV, Favourable CBA, Gain in EEDI.
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CHAPTER 1. INTRODUCTION
Transport is an essential element of the world economy; shipping is one of the most
important components of it, facilitating the movement of over 80% share of world
trade by volume, and more than 70% of its value; the importance of shipping, and ships
therein cannot be overemphasized (UNCTAD, 2017). Nevertheless, the delivery of
shipping operations is associated with consumption of natural resources and release of
undesirable portion back to the environment as waste (emissions and discharges),
which is creating a major concern for a cleaner and sustainable world. These
indispensable ships, therefore, should be designed, constructed and operated
efficiently to minimize the undue stress on the environment; selection of fuel being
one important aspect, as the by-products of the combustion are an important concern.
The International Maritime Organization (IMO), during its 70th-anniversary
celebration, considered shipping as a heritage to mankind with the theme for the year:
"IMO 70: Our Heritage – Better Shipping for a Better Future". IMO since its inception
is striving to make maritime transport an energy efficient, safer and environmentfriendly industry by setting up standards and regulating various aspects of international
shipping, of which pollution from ships emission is one. Annex-VI was adopted to
MARPOL Convention in 1997, to address air pollution from ships emission i.e.,
sulphur oxides (SOx), nitrogen oxides (NOx), ozone depleting substances (ODS),
volatile organic compounds (VOC) etc. (IMO-MARPOL, 2011). The main source of
energy for the maritime industry is fossil fuel that contains sulphur as a natural
contaminant. For heavy fuel oil (HFO) and distillate fuel, it is estimated with a world
average of 2.6% and 0.08% respectively in 2017 (IMO-MEPC.72, 2018). SOx in
ship’s emission is formed when a fuel containing sulphur is burnt in the presence of
oxygen; the only method of controlling its formation during combustion is to control
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its quantity present in the fuel. MARPOL Annex-VI, regulation-14, specifies the
global limits of sulphur content in fuel to be used by ships and a stricter limit within
specified emission control areas. The year 2020 will start with seven-fold reduction
(3.5% to 0.5%) in the sulphur limit of fuel for maritime applications. This will have a
positive impact on the environment but at a certain cost to shipping as a premium to
low sulphur fuel or opt for an alternative arrangement. MARPOL Annex-VI,
regulation-4.1, also allows use of an equivalent arrangement to control SOx, like fitting
exhaust gas scrubber as a post-combustion abatement technology, or use of an
alternative fuel like Liquefied Natural Gas (LNG), Liquefied Petroleum Gas (LPG),
Methanol, Ethanol, Biofuel etc which complies with the sulphur limits.
The other aspect to reduce air pollution through the ship’s emission is to improve the
energy efficiency of ships which in turn will burn less fuel. IMO, through resolution
MEPC.203(62), adopted as chapter-4 of MARPOL Annex-VI, prescribes the
framework for technical and operational measures for energy efficiency of ships and
entered into force on 1 January 2013. The technical measures defined by the Energy
Efficiency Design Index (EEDI), requires a three-phase improvement in the design of
the ship, making it 30% more efficient onwards 1st January 2025 than the base year of
2013. Regulation-22 requires applicable ships to carry Ship Energy Efficiency
Management Plan (SEEMP) which should be developed according to the framework
guidelines provided by resolution MEPC.213(63) for ‘planning’, ‘implementing’,
‘monitoring’, ‘self-evaluation’ and ‘improvement’.
1.1 The dissertation
The rationale behind the dissertation is to realize and establish an underlying relation
between the two methods adopted by IMO to control the air pollution from ship i.e.,
first to control the quality of fuel (cap the sulphur content in marine fuel) and second
to reduce the quantity of fuel used (improve design and operational efficiency – EEDI
and SEEMP of the ship). The flowchart in Figure-1.1 outlines the linking questions to
establish the objective.
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Figure 1.1: Flowchart with the linking questions (prepared by the author)
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1.2 Dissertation objective
The main objectives of this research are to:
1. Discuss the technical restraints of the fuel contaminated with sulphur,
2. Analyse the advantages of sulphur free fuel and quantify the available energy
with respect to the proposed compliant fuel – LNG,
3. Examine its applicability to the ships with steam and motor propulsion,
4. Establish the positive link between regulation-14 (low-sulphur requirement)
and regulation-21 (EEDI),
5. Analyse its economic feasibility,
6. Perform a ‘SWOT’ analysis to check its capability towards this regulatory
opportunity,
7. Quantify the potential of ‘low-sulphur fuel regulation’ to complement the
objective of ‘EEDI’ requirement (based on assumptions).
1.3 Methodology
Due to limitations in actual data availability, a basic ‘mathematical approach’ will be
employed to evaluate the acid-forming capability of sulphur-dioxide, sulphur-trioxide
and nitrogen-oxides ‘based on chemical equations’, followed by calculations ‘based
on thermodynamic laws’ to estimate the available energy in the by-products of
complete combustion of methane gas (without sulphur-dioxide). The dissertation will
further analyse certain prevalent technologies to recover this available energy and its
application on the ship. An indicative calculation based on the certain assumption of a
sample ship will be done, considering ‘without’ and ‘with’ this heat recovery, to
establish the positive outcome of the objective of the dissertation. The flowchart in
Figure-1.2 outlines the linking answers and methodology adopted to establish the
positivity of dissertation.
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Figure 1.2: Flowchart indicating 10-chapter link to the dissertation objective (prepared by author).
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1.4 Dissertation outline
Chapter-1 introduces the objective of the dissertation and the methodology adopted to
establish its viability.
Chapter-2 builds the background for the need of low-sulphur fuel regulation for marine
application and the Marine Environment Protection Committee’s (MEPC’s) overall
work in its development. Another aspect is the need-based development of LNG
transportation by sea which led to an inadvertent development of LNG usage as a
marine fuel that formed the basis of IMO’s sub-committee on bulk liquid and gases
(BLG), to develop the ‘International Code for the Construction and Equipment of ships
carrying liquefied Gases in bulk’ (IGC Code) and the ‘International Code of Safety for
Ships using Gases or other Low-flashpoint Fuels’ (IGF Code).
Chapter-3 analyses the effect of sulphur-oxide on planet Earth and its inhabitants. It
further summarises the technical aspects and its impact on the ship and its machinery
on the basis of calculations based on standard chemical formulae.
Chapter-4 details the safety aspects of proposed alternative fuel ‘LNG’ with respect to
its application on the ship, considering its physical and chemical properties.
Chapter-5 provides the energy available in the exhaust gas using a mathematical
calculation based on thermodynamic laws.
Chapter-6 provides conceptual application of the recovered energy in steam propulsion
plant and thereby the possibility to increase its efficiency and reduce fuel consumption.
Chapter-7 elaborates the application of recovered energy as an extension to prevalent
waste heat recovery in the motor propulsion system. The claim is supported with two
case studies and analyses two different technologies of heat recovery i.e., Organic
Rankine Cycle (ORC) and Steam Rankine Cycle (SRC).
Chapter-8 accounts for the cost-benefit of LNG and analyses its capacity to fulfil the
regulatory criteria through SWOT analysis.
Chapter-9 establishes a positive link between the calculated advantage with LNG as a
fuel and the gain in EEDI, considering an assumed standard ship data.
Chapter-10 summarises the overall contents of the dissertation, along with the
necessary conclusive remark.
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CHAPTER 2. BACKGROUND
2.1 The development of sulphur regulations in shipping
Sulphur is ubiquitous in the biosphere and typically forms a natural constituent of
fossil fuel i.e., coal crude oil, gas etc. The respective combustion, therefore, generates
sulphur-oxides depending upon the proportion of sulphur present in the fuel used.
These anthropogenic emissions are responsible for atmospheric sulphate loadings and
enrich deposition near its usage areas (Smith, Conception, Andres, & Lurz, 2004).
Figure-2.1 shows a rising trend in global anthropogenic sulphur emission until the mid70s, then registered a decline for next two decades until 2000 after which it is again
showing a rising trend due to the growth in Chinese industry (Smith, et al., 2011, p.
1107).

Figure 2.1: Anthropogenic sulphur emission (1850-2005) (Smith, et al., 2011).
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Figure 2.2: Global SO2 emission by source (Smith, et al., 2011, p. 1110).
Figure 2.2 shows that coal and oil-based sulphur emission was highest between 1970
and 1990 followed with a decline. International shipping, though a small proportion,
has increased significantly since 1950, peaking in 1970 and decreased since then due
to improvement in sulphur removal technology during the refining process. The trend
shows a slight offset due to an increase in marine bunkers which has a relatively higher
sulphur content (Smith, Conception, Andres, & Lurz, 2004). Sulphur, a smaller natural
constituent of crude oil, gets more concentrated during distillation of lighter fraction
(Macqueen, et al., 2016). Table 2.1 shows the relative increase in sulphur content after
processing the crude oil.
Table 2.1: Sulphur content (%) in crude and residual fuel (Macqueen, et al., 2016).

8

2.1.1 The United Nations Convention on the Law of the Sea (UNCLOS) framework
‘Article-192’ of UNCLOS describes the “general obligation” on all the member states
to protect and preserve the marine environment. ‘Article-194’ establishes the
“measures to prevent, reduce and control pollution of the marine environment”.
‘Article-212’ requires states to adopt laws and regulations to prevent, reduce and
control pollution of the marine environment from or through the atmosphere,
applicable to vessels flying their flag or within their registry, within internationally
agreed rules, and standards. Furthermore, it endeavours states to establish such global
and regional rules, standards and recommended practices and procedures, by acting
through competent international organizations or diplomatic conference (UN, 1982).
2.1.2 The ‘Clean Air Act - 1970’ USA
In 1970, the USA legislated “Clean Air Act” (amended in 1990) that designated seven
major conventional pollutants and listed sulphur dioxide as a major pollutant,
considering it a serious threat to public health and environment quality (Bishop, 2000).
The Act was enacted and incorporated into United States Code as Title-42, Chapter85 of which subchapter IV-A ‘Acid Deposition Control’ covers the Sulphur Dioxide
in ‘sections 7651 – 7651o’ (US Government, 2006). The reduction in SOx emission
(GgSO2), after enactment of this legislation, is apparent in the Table-2.2, indicating
region wise estimates. Japan and Western Europe also indicate a similar trend, whereas
international shipping shows a continuous rising trend, along with countries like India
and China (Smith, et al., 2011).
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Table 2.2: SO2 emission in Gigagram (Smith, et al., 2011, p. 1109)
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2.1.3 The European region
To resolve the issue of “acid rain” in the Northern Hemisphere, the cause of which
was discovered as the air pollutants emanating thousands of kilometres away, 32 PanEuropean countries signed the United Nations Economic Commission for Europe
(UNECE) “Convention on Long-Range Transboundary Air Pollution - 1979”, as the
first international treaty for air pollution, on regional basis. The convention, with the
general principle of international cooperation, set up an institutional framework for
research and policy and entered-into-force in 1983 (UNECE, 2018). The convention
was further supplemented by three out of eight protocols related to sulphur emission,
which effectively regulated and controlled the SOx emission to 11% of 1990 level in
2015 for EU-28 and below 17% for EEA-33 (EEA, 2018), as shown in Figure-2.3.

Figure 2.3: Air pollution emission in ECE-region (1990-2015) (EEA, 2018)
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2.1.4 MARPOL regulations and MEPC work on Sulphur Control
MEPC in its 39th session agreed for a conference in September 1997 to adopt new
measures to cut air pollution from ships and prepared the revised text of Annex-VI to
MARPOL-73/78, which included measures to reduce air pollution from ships (i.e.,
Ozone Depleting Substance (ODS), Volatile Organic Compounds (VOCs), shipboard
incineration etc) and the engine exhaust emissions (CO2, NOx and SOx). The draft text
was based on a working group report that limited sulphur to 5%. It was argued by some
countries to set a lower figure which provided an agreement to monitor world-wide
average sulphur content of residual fuel supplied for use on board ships. Annex-VI set
the sulphur cap of 4.5% m/m, considering average worldwide sulphur of 3% m/m. The
Baltic Sea area was considered sensitive to SOx emission, and stricter norms were
adopted with 1.5% sulphur limit, which was extended to the North Sea area in the 44th
Session.
MEPC worked on two methods to control sulphur emission from ships i.e., the first
method in which the formation of pollutant is avoided by limiting the sulphur content
in fuel and the second method in which the pollutant is subsequently removed by
physical means and neutralized by chemical means before emitting to the atmosphere.
To achieve this MEPC worked in the following eight areas as tabulated in Figure-2.4
(MEPC, 1997-2018).

Figure 2.4: MEPC work to Control Sulphur in Marine Fuel (Created by author).
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Figure 2.5 charts progressive capping of average sulphur content globally.


4.5%  19th May 2005



3.5%  1st Jan 2012



0.5%  1st Jan 2020 (Confirmed by Sub-Committee on Pollution Prevention
and Response (PPR), 5th session February 2018) (shown in Red).

Designated three sensitive area as special areas with much lower sulphur limit.


1.5%  effective 19th May 2006 (Baltic Sea)
Added the North Sea & English Channel (effective 1st Feb 2007)



1.0%  1st July 2010, Added North America coastal area of 200Nm (effective
1st August 2012), Caribbean Sea (effective 1st Jan 2014).



0.1%  1st Jan 2015 (shown in Orange).

Sulphur emission control area is shown for China (Blue) and EU ports (Purple).

Figure 2.5: Sulphur limit in marine fuel (Graph created by author).
Note: Data retrieved from IMO (MARPOL Annex-VI Reg-14), EU directives (section
2.1.5.1) and China – The North of England P & I club (section 2.1.5.3).
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Figure-2.6 outlays the three options in addition to the exemption under regulation-3.2:
(1) Regulation-4.1 retrofit ships to use compliant alternative fuel i.e., LNG, LPG etc.
(2) Regulation-4.1 install sulphur-oxides abatement technology i.e., wet/dry scrubbers
(3) Regulation-14.1/14.2 switch over to low-sulphur compliant fuel.

Figure 2.6: 2020 – the three options of fuel compliance (Chart created by author).
MEPC started a program to monitor the average sulphur content of residual fuel
worldwide that was initially performed by the Netherlands (1999-2005) and
subsequently taken up by IMO Secretariat. In 2009, the calculation for sulphur content
in fuel was changed over to total mass basis as against the previous method of sample
number basis. Therefore, MEPC-61/4 provided two calculations for the year 2009,
2.35% on sample number basis and 2.60% on the mass of fuel basis. In 2010, rolling
average could not be calculated as the annual average value was not available. In the
same year, the secretariat also included distillate fuel into the sulphur monitoring
program. A complete calculation for each year has been tabulated in Appendix-2A.
The MEPC-47th session adopted “guidelines for sampling of fuel oil for determination
of compliance with Annex-VI of MARPOL 73/78”. The 54th session approved a
circular on ‘Bunker Delivery Note – BDN’ and ‘fuel oil sampling’ – regulation 18. In
the 70th session, an amendment was introduced considering vessels fitted with a

14

scrubber unit, as an alternative means to sulphur abatement and hence eligible to
continue fuel with a maximum limit of 3.5% under regulation-4.1 (Figure-2.6).
The MEPC-55th session, established a correspondence group to develop wash-water
discharge criteria for exhaust gas cleaning systems and adopted guidelines under
resolution MEPC.170(57) as amended by MEPC.184(59).
In the 56th session of the MEPC, the then Secretary-General Mitropoulos proposed for
a comprehensive study to review the impact of SOx and particulate matter generated
by shipping, for various options1 proposed for sulphur reduction in fuel by crossgovernment and a scientific group of experts.
In the MEPC-66th session, a data collection system for ship’s fuel consumption was
discussed and in the 67th session, a correspondence group was established to develop
full language for data collection with the core elements of ships role in collection and
flag state’s role in receiving and submitting to IMO’s centralized database. The system
was adopted in the MEPC-70th session and made mandatory for ships >5600 GRT.
The MEPC-66th session established a sulphur review correspondence group to develop
a methodology for fuel oil availability in compliance to regulation-14.1.3 and the
MEPC-69th session considered possible quality control measures prior to fuel delivery
on ships, through best practices adopted by the fuel supply industry.
2.1.5 Regional regulation for sulphur control in shipping
In addition to IMO regulations, a certain number of maritime administrations declared
sensitive areas within their territory that included coastal zones, EEZ, ports, and
legislated national requirements for the use of low-sulphur fuel by the vessels visiting
their defined territory. These regional emission control areas are as follows:

1

Six options of sulphur reduction were proposed in 11th session of BLG (16-20 April 2007), which was reviewed

and discussed by the working group, who then agreed upon three options in BLG 12th session (4-8 Feb 2008).
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2.1.5.1 The European Union (EU)
The first Council Directive (75/716/EEC) was issued on 24th November 1975 to limit
sulphur content applicable to gas oils of type A and B as defined in the directive, and
was applicable from 1 October 1976 with a capping of 0.5% and 0.8%, further reduced
to 0.3% and 0.5% respectively from 1 October 1980.
The second directive (93/12/EEC) was issued on 23 March 1993. It prescribed a limit
on diesel fuel marketed in the community, not exceeding 0.2% by weight from 1
October 1994 reduced down to 0.05% by weight from 1 October 1996. The directive
also lowered the sulphur limit on gas oil at 0.2% from 1 October 1994.
The directive (99/32/EC) issued on 26 April 1999 by the council, as an amendment to
Directive 93/12/EEC, limited sulphur in gas oil including marine gas oil to 0.2% from
1 July 2000 and to 0.1% from 1 January 2008. The sulphur content of HFO for usage
within EU territory was limited to 1% by mass from 1 January 2003. Marine fuel used
by passenger ships, in Sulphur Emission Control Area (SECA) i.e., the Baltic Sea and
the North Sea, were limited to 1.5% by mass. Ships at community ports soon after
berthing and as late as possible before departure, are required to change over to fuel
oil with maximum sulphur content 0.1% with effect from 1 January 2010.
As a follow-up to the newly introduced MARPOL Annex-VI, directive 2005/33/EC
was issued on 6 July 2005, that also amended Directive 1999/32/EC and capped
sulphur content to 0.1% by weight on inland waterways vessels and ships at berth in
community ports (effective 1 January 2010).
Directive 2012/33/EU of the European Parliament and the Council dated 21 November
2012, amended Directive 1999/32/EC and adopted MARPOL requirement of 0.5%
sulphur in marine fuel within EU’s territorial sea and Exclusive Economic Zone (EEZ)
(effective 1 January 2020).
The latest directive EU/2016/802 from the European Parliament and the Council of
EU issued on 11 May 2016, stipulates maximum sulphur content of HFO, gas oil,
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MGO and MDO for use and sale within their territory. The date of enforcement in EU
territory and EU’s EEZ, as per directive EU/2016/802 are represented in Table-2.3.
Table 2.3: Sulphur-limit implementation as per EU directives (tabulated by author).

2.1.5.2 California Air Resources Board (CARB) – USA
Regulation 13CCR section-2299.2 and 17CCR section-93118.2 of California Code of
Regulations (CCR) require that all ocean-going vessels within 24 nautical miles from
shorelines of California use marine distillates with a sulphur content less than 0.10%.
The regulation was implemented in stages i.e., it limited sulphur content to 1.5% from
1 July 2009, then reduced to 1% from 1 August 2012 and finally to 0.1% from 1
January 2014. The area is also included in MARPOL-ECA zone since 1 January 2015,
but the CARB requirement has excluded the alternate compliance provisions of using
scrubbers and use of non-distillate fuels (ISO:8217) with a sulphur content below
0.1%. ‘Marine notice 2017-1’ requires vessel using sulphur abatement to apply for
‘Temporary Experimental or Research Exemption’ valid for 3-years (CARB, 2017).

17

2.1.5.3 China
Three Emission control areas were created in China, namely the Pearl river delta, the
Yangtze river delta and the Bohai sea to reduce the sulphur related pollution from
ship’s exhaust, and enforced progressively in stages (P&I, 2017) as shown in Table2.4.
Table 2.4: China emission control schedule (P&I, 2017).
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2.2 The Need-based Evolution of LNG in Shipping
2.2.1 Need for Economy: price control of gas
Development of LNG sea transportation can be traced back to 1950, when ‘William
Wood Prince’, President of Chicago Union Stock Yard and Transit Co’, nettled with
the price hike proposal by the local gas supplier, propelled the idea of liquefying
natural gas at Louisiana and transporting up the Mississippi River for his Company’s
Need. This project was considered not-viable and was finally abandoned; however, it
made a breakthrough pathway for future (SIGTTO & GIIGNL, 2014).
The “Constock Liquid Methane Corp,” research team accepted the challenge of sea
transporting LNG at -162°C; considering ship and cargo movements, tank metallurgy,
tank insulation, tank design and securing, tank expansion and contraction during
loading and unloading, ship’s hull deflection; developed a detailed design and drawing
of liquefaction plant, oceangoing tanker and terminal facilities in 1957 (SIGTTO &
GIIGNL, 2014).
2.2.2 Need for Environment: LNG as a cargo for shore industry
Contemporary to the period, in December 1952, the climatic conditions of London
caused a thick smog of coal smoke, which lasted for five days and brought all the rail,
road and air traffic to a standstill. Some twelve thousand people’s deaths were
attributed to this exposure. The incident led the UK Parliament to enact “Clean Air
Act - 1956” and primed the government in pursuit of an alternative cleaner fuel. The
British Gas Council joined hands with the ongoing research team of “Constock Liquid
Methane Corp” in 1957. The merger successfully shipped 7 consignments of Liquefied
Natural Gas (LNG – Methane), from Constock Terminal – Lake Charles, USA to
Canvey Island – UK, within a span of 14-months, from 28 January 1959 to March
1960. The 27 days transatlantic loaded voyage proved the viability of safe
transportation of liquefied gases in bulk and set the background of commercial
transportation of LNG; a vision come true of William Wood Prince (SIGTTO &
GIIGNL, 2014).
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2.2.3 Need for Efficiency: commercialization of LNG transportation
The 27,400m3, first LNG ship “Methane Princess” delivered the first commercial
cargo of 12,000 Tonnes LNG on 12 October 1964 from CAMEL (Compagnie
Algerienne du Methane Liquide) project – Algeria to Carvey Island – UK, travelling
at a speed of 17 knots for twelve days. She, supported with her sister ship “Methane
Progress”, and much before the IGC Code (as discussed in section 2.3.6) was adopted,
set the benchmark for future development of LNG ships (SIGTTO & GIIGNL, 2014).
The average capacity of modern LNG vessels are 150000m3, though certain higher
capacity ‘Q-Max’ vessels can carry up to 266000m3, and are fitted with twin engines
each of 21770KW capable of pulling the ship at about 19.5 Knots (Qatargas, 2014).
2.2.4 Need for Existence: the sustainability factor
IMO, as a specialized agency of United Nations (UN), shoulders the UN 2030 Agenda
for Sustainable Development with 17 ‘Sustainable Development Goals’ (SDGs), seeks
to combat climate change (SDG-13) and promotes trade of cost-effective clean energy
(SDG-7) by developing a clean and efficient maritime transport (IMO, 2015). The
concept of sustainable shipping (SDG-12) necessitates the requirement for fossil fuel
quality control and thus forms the driver for alternative fuel. LNG is considered as the
most appropriate fuel due to its characteristics to comply with the requirement of fuel
regulation and has a comparative advantage of its availability and cost over other fossil
fuels (discussed in chapter-5).
2.2.5 Need for Energy: LNG as a marine fuel
For almost half century LNG was transported by sea as a clean fuel for shore industries.
The need for a clean marine fuel finds its solution with LNG carriers using its cargo
as a fuel, supported by the advent of dual fuel diesel engines provided a time-tested
technology for other ships to adopt. There are 516 LNG carriers as of March 2018
(Clarksons Research, 2018, p. 63) that forms 0.55% of world fleet (UNCTAD, 2018)
and uses three different systems of propulsion (Boiler-Turbine, Diesel-Engine direct
drive and Diesel-Electric Motor drive) with methane as main fuel or part thereof. Boil-
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Off Gas (BOG) from cargo is used as fuel in boiler or diesel engine-based propulsion.
The boilers in steamships have the capability to use LNG as 100% of their main fuel,
whereas the diesel engine needs oil as a part of the fuel to sustain the engine firing
(Clarksons Research, 2018). In addition to LNG carriers, there are 403 vessels in the
existing fleet and 272 vessels on order (March 2018) equipped with LNG capable
engines, though forming a small share (0.4%) of the total fleet of 94169 vessels, the
number is growing (Rumynin, 2018) (UNCTAD, 2018).
2.2.6 Need for regulation: Development of IGC and IGF code
Maritime Safety Committee (MSC) of IMO, in June 1983, adopted the International
Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk
(IGC Code) by resolution MSC.5(48) and made it mandatory under 1974 SOLAS
Convention (Chapter-VII, Part-C) with an amendment by resolution MSC.6(48). The
code, as amended by resolutions MSC.17(58), MSC.30(61), MSC.32(63),
MSC.59(67), MSC.103(73), MSC.177(79) and MSC.220(82), is applicable to all the
gas carriers constructed between 1 July 1986 and 1 July 2016. For gas carriers
constructed on or after 1 July 2016, a revised text of the IGC Code was adopted by
resolution MSC.370(93) (IMO-IGC, 2016).
MEPC through its Sub-Committee on Bulk Liquids and Gases (BLG) in its 10th session
from 3-7 April 2006, considered to develop the provisions for gas-fuelled ships. A
correspondence group was therefore established and considered to develop an interim
guideline for gas-fuelled ships, followed by the development of the International Code
of Safety for Gas-fuelled Engine Installations in Ships (IGF Code). The
correspondence-group submitted its report to BLG Sub-Committee in its 12th session
(4-8 February 2008). The Sub-Committee after reviewing the report considered a twostep approach; the first step of the provisions applicable only to LNG carriers and
second step continued editorial and technical review of draft guidelines on safety for
gas- fuelled engine installations in ships, collect safety analyses performed for all gas
fuels, and submit a report to BLG-13 (2-6 March 2009).
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The Sub-Committee in its 13th session2 agreed upon draft Interim Guidelines on safety
for gas fuelled engine installations in ships (Resolution MSC.285(86)) and instructed
the correspondence group to develop a framework for the IGF Code (IMO-BLG,
2018).
The 15th BLG (7-11 February 2011), established a joint correspondence-group to
further develop the IGF Code and revise the International Code for the Construction
and Equipment of ships carrying liquefied Gases in bulk (IGC Code); continued
through the 16th BLG (30 January – 3 February 2012) with an intersession. The first
major revision in the IGC code (1983) was agreed by 17th BLG (4-8 February 2013)
subject to a comprehensive five-year review to account for the latest development. The
IGC Code prescribes international standards of equipment, design and construction of
ships carrying liquefied gases and other substances as listed in the code, by the sea in
bulk. The development of the IGF code continued in parallel and included the draft
amendments to SOLAS to make it mandatory (IMO-BLG, 2018).
The International Code of Safety for Ships using Gases or other Low-flashpoint Fuels
(IGF Code) was adopted by the MSC in June 2015, by resolution MSC.391(95), to
provide an international standard for ships using low-flashpoint fuel, excluding the
ships covered under the IGC Code. The IGF Code was made mandatory under SOLAS
Convention (Chapter II-1, Part-G, Regulation-56,57) and the appendix to its annex, at
the same session of MSC, by resolution MSC.392(95) and entered into force on 1
January 2017. The present version of the code prescribes functional requirements for
natural gas fuel only and has the scope to add regulations for other low-flashpoint
fuels, as and when, required and developed by the Organization (IMO-IGF, 2016).

2

The 13th BLG also established a correspondence-group to identify the safety requirements and hazards involved
in the carriage of natural gas hydrate pellet and develop guidelines for ships carrying it in bulk. The crystalline
solid pellets are artificially formed of "natural gas hydrate", (mainly methane), each surrounded by water molecules
and can be stored and carried at -20C as against the LNG which needs to be carried at its boiling point (approx. 160C). The draft interim guidelines for the construction and equipment of ships carrying natural gas hydrate pellets
(NGHP) in bulk was agreed by sub-committee in 14th session (8-12 February 2010) and submitted to MSC-87 for
approval in May 2010. The need to develop such guideline was proposed by Japan in 2007, followed by national
research and development project on seaborne transportation of methane as its hydrate in pellet form (IMO-BLG,
2018).
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2.3 Summary of chapter-2
The background outlines the historical development of LNG transportation. The
limitation of technology to re-liquefy the BOG during sea transportation inadvertently
led to the development of machinery arrangement to safely use the gas as a fuel for
ships, which formed the basis for the development of the IGC Code and the IGF Code.
A simultaneous problem faced by industrialized countries was sulphur pollution that
caused acid rain leading to health and environment damage. This led to national
authorities developing sulphur regulations for their territorial and regional industries.
These research and regulations formed the basis of sulphur regulation in international
shipping, developed by IMO and adopted as MARPOL-Annex-VI. Figure-2.7 outlines
the topics elaborated to understand the simultaneous developments independently and
the readiness of the LNG system to complement the requirement of sulphur regulation.

Figure 2.7: Layout of chapter-2 (prepared by author)
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CHAPTER 3. SULPHUR IN FUEL OIL
The most widely used energy-source in ships are heavy fuel oil (Beicip-Franlab, 2002),
due to its cost advantage over other distillate fuels (as compared in Table-3.1). This
residual fuel contains sulphur3 that forms oxides (SO2 and SO3) during combustion,
collectively known as (SOX), and is emitted along with combustion gas, which poses
a serious environmental threat, causing technical tribulation on concerned machinery
and economic impact on ship-owners (Stuart, 2010). The quantity of SOx in emission
is directly proportional to the sulphur content of the fuel and almost 95% forms SO2,
1 ~ 5 % converts to SO3 and the remaining is emitted as sulfate particulate. SO3 reacts
with water vapour and forms sulphuric acid (H2SO4) mist (EPA-AP42, 2010). An
IMO-GHG study has provided a formula to estimate the sulphur emission factor (EF)4
and assumes 98% of sulphur forms Sulphur Dioxide (SO2) and remaining emits as
particulate matter (IMO-3GHG, 2015).
Table 3.1: Global average bunker prices (US$/MT) (Ship&Bunker, 2018)

3

World average Sulphur content for HFO is 2.6% & Distillate fuel is 0.08% (2017), refer appendix-2B.
EF (SOx) = SFOC (G fuel/kWh) * 2 * 0.97753 *(%) Fuel Sulphur Content (where, 0.97753 is the fraction of
sulphur converted to SOx and 2 is the ratio of molecular weight of SOx to Sulphur).
4
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Contrary to this, nitrogen, though not a fuel contaminant but supplied as a part of
combustion air reacts with oxygen above 1300C and primarily forms oxides (NOx);
however, nitrogen does not react with oxygen below 1200C. The ‘Zeldovich’
equations (Cox, 1999) for Nitrogen-Oxide formation5 are:
N2 + O  NO + N
N + O2  NO + O
N + OH  NO + H
The theoretical combustion reaction of sulphur is represented by the following
equation (Coskun, Oktay, & Ilten, 2009). The same equation is used in chapter-5 for
flue gas specific heat calculation.
S + (O2 + 3.76N2)  SO2 + 3.76N2
If, ‘’ represents fraction of excess combustion air,
S + (1+ ) (O2 + 3.76N2)  SO2 + (1+) (3.76N2) + O2 (Michael & Shapiro, 1995).
If excess oxygen is present, SO2 further reacts to form SO3.
SO2 + 0.5O2  SO3 (Stuart, 2010).
The following sections will categorically analyse and discuss various impacts of
sulphur-oxides and its by-products on planet-earth, its atmosphere and inhabitants.
3.1 The environmental impact
SOX released into the atmosphere settles down to the ground by mixing with rain ‘Acid
rain’, snow, fog or hail, known as wet deposition; or, in the absence of moisture can
directly settle on the water bodies or ground surface, known as dry deposition (USEPA, 2017).

5

Assumption: NOx is not formed during combustion and hence will be ignored in further calculations.
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Figure 3.1: Acid rain on pH scale (US-EPA, 2017).
A rain with its water ‘pH’ <4.5 is considered as acid rain. Figure-3.1 shows the acidity
of normal and acid rain on the pH scale. Normal rain pH is 5.6 due to dissolved CO26,
but the pH of acid rain dips down to 4.2~4.4 because of dissolved sulphuric and nitric
acid (US-EPA, 2017). In 1969, New Hampshire recorded a rainfall of pH 2.1, even
though there was little coal usage in that area, but was affected by airflow from the
industrial Midwest that largely used high sulphur coal (Bishop, 2000, p. 89). Presence
of SOx in the atmosphere accounts for the deterioration of the world’s cherished
memorials, buildings and heritage statues. Discolouration of Taj Mahal – Agra, India,
the Colosseum of Rome, the Lincoln Memorial in Washington D.C. are typical
examples (Bishop, 2000).
3.2 The direct effect on the atmosphere
The direct effect of aerosols in the atmosphere depends upon its physical property to
absorb or scatter sunlight when present in the Earth’s radiation field and alters Earth’s
reflectivity. Sulphur Dioxide yields bright-coloured translucent sulfate aerosols which
reflects all radiation they encounter and hence cools the atmosphere. Black carbon7,
on the contrary, absorbs radiation significantly and warms the atmosphere but at the
same time shades underneath and brings a cooling effect on earth as shown in Figure3.2 (Voiland, 2010).

6
7

Dissolved CO2 in water forms weak carbonic acid (CO2 + H2O  H2CO3).
An agenda at MEPC 62nd and 68th session for Antarctica zone.
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Figure 3.2: Twin effect of 'Black Carbon' (Voiland, 2010).
3.3 The indirect effect on the atmosphere
Aerosols8 present in the atmosphere is highly water-soluble and causes cooling of the
atmosphere in contrary to GHGs. The suspended particles in the atmosphere act as
condensation nuclei and forms clouds with numerous tiny droplets, which appears
brighter than clouds formed in clean air composed of lesser but larger droplets that are
relatively dark and translucent. These polluted clouds reflect higher proportions of
sunlight resulting in net cooling of the earth. This cloud brightening effect is called
“cloud albedo effect”, as shown in Figure-3.3 (Voiland, 2010).

8

Atmospheric aerosol’s major constituents are natural and anthropogenic sulphate.
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Figure 3.3: Clean air cloud vs polluted air cloud (NASA image by Robert Simmon).

Figure 3.4: Aerosol from ship's exhaust – effect on clouds (MODIS data - NASA).
(Natural-colour image by Jesse Allen and Robert Simmon).
Figure-3.4 shows long streaks of bright clouds formed due to the exhaust from
smokestacks of ships, leaving trails of sulphates and other suspended aerosols.
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Figure 3.5: Mapping cloud droplet radius in micrometre (MODIS data).
(Image by Jesse Allen and Robert Simmon - National Aeronautics and Space
Administration (NASA), the Moderate Resolution Imaging Spectroradiometer
(MODIS) data.

Figure 3.6: Nasa's Aqua satellite image of "ship tracks" (NASA, 2018).
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Figure-3.6, dated 3 July 2010 of the Northern Pacific, shows the clouds formed due to
water vapour condensation over aerosols from ship’s emission. The emission that
contains SO2, forms sulfate aerosol particles in the atmosphere, over which water
vapour molecules condense and creates highly reflective clouds. This shows that fuels
combustion which emits sulphur dioxide can create and modify clouds capable of
affecting the temperature of the earth and its atmosphere significantly (NASA, 2018).
Contrary to the above, the line-shaped clouds or “condensation trails” visible behind
jet aircraft engines are, basically composed of ice particles and are formed typically at
upper atmosphere of cruise altitude. Aircraft engines combustion products mainly
contain carbon dioxide (CO2), water vapour and a small amount of (nitrogen oxide)
NOx, unburnt hydrocarbons, carbon monoxide (CO), SOx, soot and metal particles.
Of these emissions only water vapour is necessary for cloud formation at that altitude.
The duration of the contrails depends on the amount of moisture present (humidity)
and the temperature of the atmosphere i.e. if humidity is low contrails will evaporate
quickly and if it is high contrails will persist and may even grow. Here sulphur oxides
if present (<0.05% in jet fuel as an impurity or in lubricants as additives), will generate
the similar effect of cloud formation due to aerosols water-attracting property, wherein
all other emissions are considered non-essential for contrail formation (EPA, 2000).
3.3.1 The Mount Pinatubo – Philippines
The natural sources of SOx introduction to Earth’s atmosphere are mainly volcanic
eruptions, e.g. a volcanic eruption in the Philippines (1991), released about 20 million
tonnes of sulphur dioxide9 and created particles in Earth’s Stratosphere, 60 kilometres
above the surface. Following this eruption global temperature abruptly dropped by
about 0.6C as shown in Figure-3.7 due to global sulphate infusion (Voiland, 2010).

9

SO2 reacts with other substances like H2O and/or NH3 to form hydrophilic sulphate aerosol.
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Figure 3.7: The temperature spikes (Graph by Robert Simmons).
(based on aerosol data from GISS and temperature data from UAE CRU).
3.4 The effect on fauna
The SOx, NOx and black carbon released into the atmosphere directly impacts the
health of living creatures and are linked to premature death through heart and lung
failure. SOx is an irritant to animal’s (human) skin and mucous membranes of eyes,
nose, throat and lungs (94th-Congress, 1975). It triggers inflammation to the
respiratory system causing cough, throat irritation, breathing difficulties and worsens
asthma attacks (NPS-USA, 2018). The reduction in sulphur content in fuel will add a
premium to the fuel, adding billions of dollar to ship operations; an equivalent to
externality cost that was historically being borne by society. The benefit of shipping
the cargo by the sea with this additional premium will still be the cheapest option
though an extra cost will be added to the consumer goods but in exchange of longevity
to humans, lesser health costs and individuals medical insurance premium (Macqueen,
et al., 2016).
3.5 The effect on flora
Sulphur dioxide makes a detrimental effect on plant metabolism by directly disrupting
its photosynthesis mechanism. To detoxify itself, the plant releases more water through
its stomata by increasing its opening and that affects its productivity and growth. The
impact grows multi-fold in the presence of other pollutants i.e., NOx, fluorides, Ozone
etc. It also damages the ecosystem by directly eliminating the more sensitive species.
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The breaking of ecosystem links makes far-deep implications on the fauna and
microbial community through their trophic relationship.
The indirect effect of SOx on flora comes through its leaching action on soil and
starving the plant canopy of essential nutrients. The acid run-off further deposits the
nutrients and causes eutrophication in aquatic community. Some plants like Lichens
and Bryophytes are highly sensitive to SOx and this characteristic is used as SOx
pollution indicator (Varshney, Garg, Lauenroth, & Heitschmidt, 2009).

Figure 3.8: Dead forest of Norilsk mining facility (NASA, 2018).
Figure-3.8, dated 9 April 2006, shows the adjoining area of Norilsk mining facility in
Siberia. The metal (Nickel, Palladium and Copper) extraction from its sulphide ore,
produces about 1.9 million tons of SO2 annually, that has created about 1.2 million
acres of dead forest downwind of the smelters (NASA, 2018).
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3.6 Quantifying sulphur dioxide
Sulphur Dioxide can be tracked using satellite-based methods. NASA has located 76
natural sources of sulphur dioxide, mainly active or passive volcanic emissions. In the
period between 2005-2014, the analysis indicated 40 sources of unreported
anthropogenic emission sources accounting for about 12% of total anthropogenic
emission of SOx (McLinden, et al., 2016) (source-list attached as Appendix-3A).
“Quantifying the sulphur dioxide bull’s-eyes is a two-step process that would not have
been possible without two innovations in working with the satellite's data,” said coauthor Nickolay Krotkov, an atmospheric scientist at NASA’s Goddard Space Flight
Centre. First, the use of computer processing to precisely calculate SO2 concentration
from the satellite-based raw data of the Ozone Monitoring Instrument (OMI). Second,
the use of computer programs to detect SO2 and trace back to sources even after its
dispersal and dilution by winds (Voiland, 2010); (McLinden, et al., 2016).

Figure 3.9: NASA Earth Observatory map by Joshua Stevens (Voiland, 2010).
Note: 1 Dobson Unit (DU) = 2.69*1020 molecules/Sq. M ~ 172 gm SO2/m2.
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The third IMO GHG Study 2014 estimates an annual total of 11.3 million tonnes of
SOx (as SO2) corresponding to 5.6 million tonnes of elemental sulphur from shipping
activity accounting for about 13% of global SOx from anthropogenic sources. A multiyear average of SOx from shipping calculates to 10.6 million tonnes as SOx,
representing 12% of anthropogenic global SOx emission (IMO-3GHG, 2015). A
calculation for the fuel containing 0.5% sulphur provides approximately 330 ppm of
SO2 formation with a right stoichiometric ratio of fuel-air (Schrenk & Berger, 1941).
3.7 The chemistry of dew point
Dew point is the temperature (at its corresponding pressure) at which water vapour or
gas start to condense into a liquid phase (Niessen, 2002). If only water vapour is
present in the exhaust gas, the dew point of water vapour is the temperature at which
its vapour pressure is at equilibrium with the saturation vapour pressure of water.
Dew point of water vapour can be estimated by the following equation: (Kiang, 2017)
T = (5038.13) / {20.1424 – ln(PH2O)}

(1)

Where, ‘T’ is in ‘K’; partial pressure of water ‘PH2O’ is in mmHg and 0C = 273.15K.
Calculation chart and the interactive graph is attached as Appendix-3B.

Figure 3.10: Water-vapour dew point (Calculated and drawn by author, basis eq-1).
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For flue gas, the combined vapour pressure of acids and other gases present, when at
equilibrium with the combined pressure of water vapour and acid vapours at
corresponding temperature, known as the acid dew point, i.e., the temperature at which
the acids will condense to acid solutions. The main acidic gases considered are
sulphuric acid (due to sulphur in fuel) and Nitric acid (due to nitrogen present in
atmosphere), other constituents such as Chlorine, Fluorine and bromine are assumed
absent and so formation and dew points of acids like HCl, HF and HBr are not
considered. Dew point of acid gases i.e., H2SO4, H2SO3 and HNO3 is calculated by the
following equations and are represented graphically in Figures-3.11 and 3.12:
Dew point of Sulphuric acid (H2SO4): (Verhoff & Banchero, 1974); (Kiang, 2017)
T = 1000 / [1.7842 + 0.0269*log(PH2O) - 0.1029*log(PSO3) + 0.0329*log(PH2O)*log(PSO3) (2)

Or,
T = 1000 / [2.276 + 0.02943*ln(PH2O) - 0.0858*ln(PSO3) + 0.0062*ln(PH2O)*ln(PSO3)

(3)

Dew point of Sulphurous acid (H2SO3): (Kiang, 2017)
T = 1000 / [3.9526 – 0.1863*ln(PH2O) - 0.000867*ln(PSO2) + 0.000913*ln(PH2O)*ln(PSO2) (4)

Dew point of Nitric acid (HNO3): (Kiang, 2017)
T = 1000 / [3.6614 – 0.1446*ln(PH2O) - 0.0827*ln(PHNO3) + 0.00756*ln(PH2O)*ln(PHNO3) (5)

Or,
Dew point of Nitrogen Dioxide (NO2): (Huijbregts & Leferink, 2004)
T = 1000 / [3.6614 – 0.1446*ln(PH2O) - 0.0827*ln(PNO2) + 0.00756*ln(PH2O)*ln(PNO2)

Where:
Log

= the base 10 logarithm,

Ln

= natural logarithm,

T

= acid dew point temperature (K),

P

= partial pressure, in Atmosphere, i.e., ‘atm’ for equation ((2),
= partial pressure in mmHg for equations (3), (4), (5) and (6).

 v H2O % = (PH2O*100)/(760),

(100 v% water = Vapour Pr. 760 mmHg).

 vAcid PPM = (PAcid *106)/(760),

(‘v’ is Volume of acid collected in PPM).
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(6)

The dew-point of sulphuric acid is calculated as SO3, as per equation-2 (Table-3.2)
and represented graphically in Figure-3.11. A high percentage of water molecules
and/or high concentration of SO3 raise the dew point temperature.
Table 3.2: Sulphuric acid (SO3) dew point inC (Calculated by author, basis eq-2).

Figure 3.11: Sulphuric acid (SO3) dew point inC (Created by author, basis eq-2).
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Similarly, the dew point of nitric acid is approximately 54C for 14% water vapour
pressure and 300 volumetric PPM of nitric acid. For vapour pressure 0.5% and HNO3
<90 PPM the dew point indicates a negative temperature (as shown in Figure-3.12).
Table 3.3: Nitric acid (HNO3) dew point inC (Calculated by author, basis eq-5).

Figure 3.12: Nitric acid (HNO3) dew point inC (Created by author, basis eq-5).
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This analysis provides the basis of assumption for the calculations done in Chapter-5.
If a sulphur free fuel is used (e.g. LNG, LPG, Biofuels, Methanol and ethanol) the
combustion by-products will not contain sulphuric-acid forming gases and technically
more heat can be extracted from the exhaust gas. Formation of Nitric acid from the
condensation of NOx, cannot be avoided below its dew-point temperature of ~54C,
because of the presence of nitrogen in combustion air. MARPOL Annex-VI,
regulation-13 outlines the NOx emission regulation.
The dew points are calculated using equation-(1) for water vapour, equation-(2) for
sulphuric acid, equation-(5) for nitric acid and attached with an interactive graph as
Appendix-3B, Appendix-3C and Appendix-3D.
3.8 The technical and economic impact
Sulphur oxides cause detrimental effects in exhaust stacks adding expensive
maintenance. The detrimental effect of sulphur in fuel and its acid forming property
stalled a few machinery design developments and in some cases influenced ship
designers to change the ship design.
3.8.1 Historical usage: Section-7.3.1 explains MERS – a flash type turbine for low end
heat recovery, with an operating temperature of about 120C, was installed by
Mitsubishi shipyard on 19 vessels (9 Very Large Crude Carriers, 8 Container carrier
and 2 Pure Car Carriers) in the late 70s, but due to low-temperature acidic corrosion
the system failed and was not used any further. Later vessels were installed with steam
turbines for heat recovery, but with a minimum operating temperature of ~150C, to
prevent acidic corrosion.
3.8.2 Car carrier funnel exhaust: Most of the Pure Car Carriers (PCCs), Pure Car and
Truck Carriers (PCTCs) have their ramps on the mid-starboard side and/or aftstarboard side, and so the vessels can berth only with starboard side for cargo
operation. Older car-carriers had their exhaust funnel on the starboard side as a
standard design which created a disadvantage to the car terminal, as the unburnt carbon
(soot) in the exhaust gas from the vessel, dropped on the surface of new cars. Pure
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carbon in soot will normally put a black mark that is washable, but the presence of
sulphur in soot with moisture in the atmosphere used to discolour the paint
permanently to yellow. To avoid this problem many operational measures were taken
i.e., generators to be started before entering the port, no soot blow, but were not fully
successful; so a design measure was agreed to shift the funnel on the port side and is
being built in all new vessels (Figure-3.13 and 3.14). ‘Mitsui OSK Lines’ uses exhaust
gas purification system with thinned timber (tree) oil extract as a bio-catalyst that is
sprayed into the exhaust gas to attach with soot and enhance filtration of particulate
matter, as shown in Figure-3.15 (MOL, 2018).

Figure 3.13: Car-carrier funnel position (Wallenius Wilhelmsen Logistics AS, 2018).
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Figure 3.14: The MOL Car-carrier funnel position (source: internet open sites).

Figure 3.15: MOL's Exhaust gas purification system (MOL, 2018).
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3.8.3 Metallurgy of exhaust trunking and components: the practical limits to ‘dew
point’ temperature of water-vapour and SO2 molecules in exhaust gas, to form acidic
deposit on metal surfaces below 170C, governs the material to be used for various
sections of economizer in the uptake. For feed temperature higher than 138C plain
and solid drawn mild steel material is used for tubing and fins/studs. If the designed
temperature is within 115C to 138C, cast-iron grills are used that completely covers
the mild-steel tubes and protect them from corrosive attack. Mild steel can resist acidic
corrosion up-to 138C whereas cast-iron can resist up-to 115C as shown in Figure3.16. The temperature limit of 115C is to prevent the economizer from heavy fouling
due to soot deposit, in addition to acidic corrosion (Flanagan, 1990).

Figure 3.16: Design and metallurgy in economizer (Flanagan, 1990, p. 62).
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3.8.4 General maintenance: Soot with sulphur oxides discolours the deck surface
generating a need for higher maintenance and frequent painting for aesthetic upkeep
that adds to the ship’s operating cost. Another maintenance cost associated is the
chemical treatment of the uptake to neutralize any acid formation and reduce soot/slag
deposits. The commercially available products like ‘fuel power soot remover’ by
Unitor or similar products reduces the oxidation temperature of soot from 600C to
170C which then promotes complete oxidation and converts soot into easily
removable ash and thus claims enhanced efficiency (Unitor, 2016).

Figure 3.17: Ship deck area exposed to soot from boiler exhaust (courtesy: OSMC).
Figure: (1) Yellow trace on deck due to sulphur in fuel (2) The white area was cleaned
with chemical ‘Metalbrite’ but mild permanent yellow patches are still evident
showing permanent discolouration due to sulphuric acid.
3.8.5 The ‘clover leafing’: a corrosive wear phenomenon across the radial bore of the
diesel engine liner, due to sulphuric acid formation in the combustion chamber and
insufficient radial supply of lube oil around the liner, which causes the pH of the oil to
reduce farther away from the injection point and drop in the acidic range. This causes
an uneven wear-down of the liner in a pattern of cloverleaf shape i.e., excessive wear
in the area furthest away from oil-injection points at halfway between two quills
(Frozee, 2015)
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3.8.6 Diesel engine layup: The diesel engine using fuel containing sulphur should
blow-through using compressed air with indicator cocks open and fuel supply cut
before starting and after stopping. Before starting it is done to avoid hydraulic damage
due to any fuel or water leak-off into the combustion chamber, whereas after stopping
it is done to purge out any unburnt or acidic gas remaining after the last firing cycle
and additionally to coat the liner with lube oil in the splashed lubrication system. In
forced lubrication i.e., in 2 stroke engines, the lubrication is kept ‘on’ and engine
turned for two to three full cycle to purge out acidic remains and coat the liner with
lube oil.
3.9 Summary of chapter-3
The sulphur transforms into various chemical forms (hydrides, oxides and sulphate
salts) as it circulates among terrestrial, atmosphere and marine ecosystem and forms
its biogeochemical cycle. A typical sulphur cycle is represented in Figure-3.18; the red
connector indicates the anthropogenically added sulphur through industrial activities.
Volcanic eruptions and forest fires are the major natural sources of oxides and hydrides
of sulphur into the atmosphere (Lenntech, 2018).
Chapter-3 outlines the effect of sulphur dioxide on earth, its atmosphere and all the
life within. The dew point of acid-forming vapours present in combustion gas (i.e.,
sulphuric and nitric acid) is calculated using standard chemical formulae, for a range
of water-vapour percentage. In addition, the technical impacts on the ship and its
machinery are discussed. Figure-3.20 shows the layout of chapter-3.
The essence of this chapter can be summarized in Figure-3.19, which indicates a safe
and economical operating range between 150C to 170C. If the exhaust gas
temperature is higher than 170C excessive heat is lost, which reduces the thermal
efficiency of the system and if the temperature drops below 150C, there is a chance
of corrosion damage to the equipment. In the absence of H2SO4, the safe operating
temperature can theoretically be as low as the dew point of nitric acid i.e., above 54C.
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Figure 3.18: A schematic representation of the sulphur cycle (Lenntech, 2018).
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Figure 3.19: Optimum operating range (created by author, basis chapter-3 analysis).

Figure 3.20: Summary of chapter-3 (prepared by author).
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CHAPTER 4. LNG: AN ALTERNATIVE FUEL
LNG is an acronym for liquefied natural gas and chemically a molecular structure of
one carbon atom covalently bonded with 4 hydrogen atoms. The chemical structure is
‘CH4’, molecular weight 16.043 gm/mol (Pubchem, 2004).

Figure 4.1: Methane molecule (Source: https://www.energir.com/en/gnl-traversier/)
4.1 Methane extraction
Methane also known as natural gas, is found as associated gas i.e., with crude oil as
gas cap, or as non-associated gas i.e., reservoirs with no oil. The raw gas extracted
from the well is treated in stages, as shown in Figure-4.3, to produce fuel with
commercial value by the process of ‘fractionation’ (Cameron LNG, 2018). LNG is a
clear, colourless, non-toxic, non-corrosive gas and is a liquefied form of methane,
cooled to -162C. Liquefaction reduces the gas volume by approximately 600 times
which makes storage and transportation economical (Shell, 2018). Natural gas, when
extracted, may contain impurities as sand usually removed at the source, or gases like
hydrogen-sulphide and carbon-dioxide removed by a process known as sweetening.
Mercaptan if present is removed by soda fixation. Other long chain hydrocarbons are
also removed during extraction (Kitto & Stultz, 2005, pp. 11-2).
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Another two sources of low-permeability formation of natural gas for commercial use
are ‘Shale natural gas’ and ‘Tight natural gas’. Different sources of methane are shown
in Figure-4.2 (EIA, 2017).
Shale gas for commercial use was economically produced in 2000 by Mitchell Energy
by hydraulic fracturing of ‘Shale layer’, a formation about 1000 ~ 2500m below earth
surface; the process is known as ‘fracking’ or ‘hydrofracking’. It is a technique of
releasing the trapped hydrocarbons in shale layers, by pumping water (95%), chemical
(0.5%) and sand (4.5%), at over 100 bar pressure, to open fissures in it (EIA, 2017).
Tight gases are locked in extraordinary impermeable hard rock, sandstone or limestone
formation that is atypically nonporous known as tight sand. It requires more effort and
is still uneconomical to extract from this tight formation as the pores are irregularly
distributed with overly narrow capillaries that lessens the permeability and slows the
gas movement through it (Rigzone, 2018).
Other sources of unconventional methane are deep gas, geo-pressurized zones, Arctic
and subsea hydrates (Rigzone, 2018).

Figure 4.2: Schematic geology of natural gas resources (EIA, 2017).
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Figure 4.3: LNG processing for storage and transportation (Cameron LNG, 2018).

4.2 Regulations: LNG as a marine fuel
Methane (LNG) as a cargo boil-off-gas or vapour may be used in Category ‘A’
machinery spaces and containing systems such as boilers, internal combustion engines,
gas combustion units, gas turbines and inert gas generators. Chapter-16 of IGC Code
provides guidelines for safe use of cargo as fuel on LNG carriers (IMO-IGC, 2016).
As discussed earlier, ships other than LNG carrier using LNG as fuel are not covered
under the IGC Code, but provided with mandatory provisions for arrangement,
installation, control and monitoring of machinery, equipment systems using lowflashpoint fuel by the IGF Code (entry into force: 1 January 2017) (IMO-IGF, 2016).
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4.3 LNG: Safety aspects
The safe use of LNG as a fuel onboard can be categorized under three different aspects
(World Bank Group, 2017). Every vessel carrying methane as a cargo or fuel should
also carry the Material Safety Data Sheet (MSDS)10.
4.3.1 Environment safety
4.3.1.1 Hazardous material management
The structural integrity, secondary containment, overfill and spill protection, fire
protection (including flame arresting devices, heat sources, electrostatic charge
prevention) etc., should be in accordance with international standards, considering also
the cryogenic nature of LNG i.e., -162C.
4.3.1.2 Air emissions
The combustion products as CO2, N2O and the emission of raw gas itself associated
with venting, methane-slip and fugitive sources i.e., leakages, contribute to air
emissions. The Global Warming Potential (GWP) for CO2 =1, CH4 =25 with lifecycle
in atmosphere = 12 years and N2O =298 (lifecycle 114 years) (EPA-GHG, 2018).
4.3.1.3 LNG storage and transport management
The vessel and containment design, construction and associated operations should be
in accordance with international standards and specified codes. The other contributing
factors are crew training, fire protection, pressure relief and safety systems.
4.3.1.4 LNG loading and unloading operational management
The design, construction, spill containment, machinery operations, tank pressure
management and associated equipment used for the storage and feeding to the intended
machinery should comply with international standards.

10

MSDS is a document that enumerates the safety data of any chemical, based on its physical and chemical
properties. The document also provides the exposure limit and action to be taken if exposed to it; countermeasure
in case of spill and other data as appropriate. It is mandatory to carry MSDS of any chemical that is carried on
board, either for transport or for ship’s use.
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4.3.2 Occupational health and safety
Health and safety management should include the results from comprehensive hazard
and risk assessment studies to design a safe communication and work procedure,
eliminating any potential for risk of an accident. A safe working system should include
‘Permit to Work’, ‘Lock-out / Tag-out’ and ‘authorization of designated work’.
The five important safety issues are:
4.3.2.1 Fire and explosion
LNG is safe to transport as liquid LNG does not ignite and gas has a relatively small
flammable range from 5% to 15%. Below the range, it forms a lean mixture or rich
mixture and does not burn as shown in Figure-4.4 (Cameron LNG, 2018).

Figure 4.4: Flammable range of methane (Cameron LNG, 2018).
Ships should have a formal fire response plan supported with adequate resources,
supplemented with crew training and well-defined responsibility. Ship systems should
ensure all ignition sources are prevented, by grounding the static electricity, using
intrinsically safe equipment, non-sparking tools, hot work safety, zoning hazardous
areas for electrical equipment in design and using fail-safe equipment and system.
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4.3.2.2 Roll-over
Roll-over is a phenomenon of rapid mixing and reversal of LNG stored in a tank,
wherein two separate layers exist due to the difference in densities. The stratification
can be either, ‘fill-induced’ i.e., loading of lighter cargo on top of heavier cargo; or
‘auto-stratification’ i.e., volatile component (nitrogen and methane) in the cargo boiloff slowly, known as ‘weathering’, and subsequently alters the density of the cargo on
top to form a separate layer. If two separate layers of LNG stays for a longer time, they
form independent circulation cells in each layer (Figure-4.5) (Culkin, et al., 2015).

Figure 4.5: Stratified cargo with two separate circulation cells (Culkin, et al., 2015).
Heat absorbed in the upper cell from side and bottom traverses to surface through
convection and is lost as latent heat of evaporation. The bottom cell that gets heat from
side and bottom of the tank loses at stratified layer (interface) only by convection and
is small compared to the evaporation mechanism. This leads to a rise in temperature
of the bottom cell as shown in case-I. Sometimes, however, the bottom cell receives
less heat than the heat lost at the interface, causing it to cool and subsequently rise in
density as shown in case-II. In both cases, the top cell heats up and density rises due
to weathering. In case-I, the density of the bottom cell falls and the top cell increases
and when both become near equal, the interface breaks and the cells mix. This mixing
of cells is rapid and is called ‘rollover’. This causes a rise in pressure due to the sharp
increase in evaporation rate. In case-II, the density of the bottom cell rises very slowly
due to drop in temperature but the top layer density rises very fast due to weathering,
and when both densities equalise, ‘rollover’ occurs (Figure-4.6) (Culkin, et al., 2015).
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Figure 4.6: Two patterns of roll-over (Culkin, et al., 2015)
The safety issue arises with the handling of a large volume of vapour generated during
‘rollover’. The likelihood of stratification can be reduced by efficiently mixing the
cargo during loading and recirculating during storage.
4.3.2.3 Frostbite
The risk of contact with low-temperature product and equipment while handling
should be adequately identified and the workers educated and trained accordingly to
minimize the hazard. Use of correct PPE should be promoted and practised.
4.3.2.4 Chemical exposure
LNG is an asphyxiant and may cause nervous breakdown, nausea or headache. It may
cause unconsciousness or death subject to exposure limit. Adequate safety procedure
should be followed while entering space where methane is detected. Medical advice
should be sought in case of exposure. Every ship should be provided with sufficient
gas detection systems at locations where the probability of gas accumulation and
human exposure exist (IMO-IGC, 2016).
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4.3.2.5 Confined spaces
Confined spaces may include LNG storage tanks, its secondary containment and any
area with inadequate ventilation that contains piping or machinery for LNG transfer or
processing. Every ship should carry one appropriate gas detector as per SOLAS
Regulation XI-1/7 with effect from 1 July 2016, at least for detection of oxygen,
hydrocarbon, H2S and CO. The workers responsible for enclosed space entry should
be familiar with IMO resolution A.1050(27) revised recommendations for entering
enclosed spaces onboard ships and MSC.1/Circ.1477 guidelines to facilitate the
selection of portable atmosphere testing instruments for enclosed spaces as required
by SOLAS regulation [XI-1/7] (IMO-SOLAS, 2017).
4.3.3 Community health and safety
Loading/unloading operation and transport of LNG are related to potential accidental
release or leakage. If ignited, the heat and shock wave may potentially impact the
adjoining community areas. Ships carrying LNG as a cargo of fuel should, therefore,
prepare an emergency preparedness and response plan, considering the community
infrastructure in the event of leakage or fire/explosion. Dispersion of large LNG spills
in populated or structurally congested area, with ignition source could lead to
deflagration (relatively slower burning at 1m/s) to a detonation (flame speed at shock
wave speed of 2500m/s) transition of dispersed vapour cloud, resulting in excessive
pressure waves and can cause severe personal injuries and personal damage, although
very difficult to achieve. Boiling Liquid Expanding Vapour Explosion (BLEVE)
(Figure-4.7) accidents can occur when heated cargo escapes from its damaged
container followed with further reduction in pressure resulting in increased
evaporation and release of vapour which can develop into a sufficiently large
flammable cloud, and can lead to explosion in presence of fire sources and generate a
fireball with the potential of hazardous thermal radiation and destructing shockwaves.
One BLEVE accident of an LNG road tanker in 2002 at Tivissa-Catalonia has been
reported and none so far from any LNG carriers (Blanchat, Hightower, & Luketa,
2014).
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Figure 4.7: BLEVE (Kaushik, 2017).
4.4 Advantages of LNG
4.4.1 Technical aspect: LNG being a clean fuel does not require pre-treatment as
compared to liquid fossil fuels, hence it does not generate operational waste. Few
systems like purifiers, incinerators and Oily Water Separator (OWS) can be eliminated
(typically smaller capacity is installed to treat lubricating-oil related waste). The
piping, strainers and system components remain clean and require less maintenance.
4.4.2 Environmental aspect: LNG is a mixture of hydrocarbons without any pollutant
(chapter-5, table-5.1), and so generates only CO2 and water-vapour after complete
combustion without forming soot or dust, thus considered as a clean fuel. Moreover,
it generates 30% less CO2 than fuel oil, reduced nitrogen-oxides (NOx) and completely
eliminates SOx, as shown in Table-4.1 (Elengy, 2018).
Table 4.1: Environmental Regulation compliance (Balland, 2014).
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An LNG spill causes no water pollution and hence subsequent clean-up cost is nil as
against any liquid fossil fuel that needs a large infrastructure for oil pollution response
under OPRC convention. Oil-pollution generates societal and environmental liability
which is a concern for the shipping industry that started with MARPOL Annex-I and
subsequently required many conventions related to pollution, response and liability.
Table-4.2 compares relevant pollution regulations related to oil and LNG.
Table 4.2: Comparison between Oil and LNG – pollution related conventions.
(Compiled by the author with convention name sourced from IMO website).

4.4.3 Chemical aspect: Methane burns with a clean blue flame in presence of sufficient
oxygen and leaves no residue, signifying complete combustion (BBC, 2014). The
advantage extends to a longer soot-blow interval for boilers and economizers, reduced
water and fuel consumption, enhanced performance for longer interval and less chance
of soot-fire in funnel-uptake. A similar advantage can be experienced with diesel
engines using gas fuel, although the engine may need a small amount of pilot fuel. The
turbocharger and economizer perform better due to reduced fouling and requires
cleaning at longer intervals, (compared in Figure-4.8).
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Figure 4.8: Effect of fuel quality on machinery performance (created by author).
4.4.4 Economic aspect: Methane is the smallest hydrocarbon, containing single carbon
atom connected with four hydrogen atoms with single bonds which makes it a stable
compound. All the long-chain hydrocarbon during the natural process of breakdown
ultimately forms methane. Thus methane is abundant in nature. LNG is the cheapest
fuel as compared to HFO, MGO and crude oil. The price comparison is done in
Section-8.1. Relative advantage and disadvantage of LNG as a fuel are tabulated in
Table-4.3.
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Table 4.3: Advantages and disadvantages of LNG as fuel (Balland, 2014).

4.5 Disadvantages associated with LNG as fuel
4.5.1. Physical properties: LNG is stored at its boiling point (-162C) and it
continuously boils-off and necessitates a disposal system i.e., when the engine is
running, the boil-off gas is used as a fuel, but when the engine is not running the gas
needs to be disposed in Gas Combustion Unit (GCU) or boiler, which increases its
wastage while the ship is out of business or at very long port stay.
The density of LNG (450 kg/m3)11 is almost half the density of HFO (991 kg/m3)
(IMO-MEPC, 2014), which requires almost double the storage space for an equal mass
of HFO. Additionally, the LNG storage tank requires much thicker insulation due to
its cryogenic temperature (-162C) and isolation distance for its construction and
onboard location as specified by the IGF Code. Generally, with the present
infrastructure of LNG bunker facility unless a ship is specifically built for a fixed route
project. Ships are built with HFO tanks also to ensure flexibility of ships to operate in
insufficient LNG supply infrastructures (Faber, et al., 2017, p. 192) accounting for the
large storage space for fuel.

11

Figure in bracket is the standard values taken by IMO-MEPC for calculations in resolution MEPC.254(67).
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4.5.2 The economic aspect: The LNG system for vessels is expensive. The cost of
LNG powered container ships (1004-TEU) was 125% of a regular new built ship in
2016-17, as per the owners of Nordic-Hamburg (Faber, et al., 2017, p. 193).
Nevertheless, this investment is profitable, considering the payback in terms of less
maintenance and cleaner system. The owner of ferry Viking Grace claims reduced
consumption of cleaning agents (from 10000 ltr/year to 2000 ltr/year) and almost
complete removal of passenger’s compensation for clothes damaged by smoke (Faber,
et al., 2017, p. 186).
4.6 Summary of Chapter-4
The chapter outlines various safety aspects related to LNG as a shipboard fuel and
accounts for its advantages and disadvantages attributed to its physical and chemical
properties (Figure-4.9). The clean fuel acceptance provides regulatory favour as
compared to liquid fuel. New technologies for extraction, processing and
transportation has made the price favourable to the consumer. These classified
strengths and weaknesses of LNG are later used in chapter-8 for SWOT analysis.

Figure 4.9: Summary of chapter-4 (prepared by author).
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CHAPTER 5. THE COMBUSTION EFFICIENCY
The analysis in section-3.7 provides the possibility to rearrange the machinery layout
and recover more heat from combustion gas, in the absence of sulphuric acid forming
gas, however, up to a lower limit of nitric acid dew point (~54C). Considering the
dew point of water vapour and the size of heat exchangers, a much more practical
lower working temperature is 110C. The following sections will calculate the
economically recoverable energy in the exhaust gas from 170C110C.
5.1 Fractional composition of Methane
The methane percentage in LNG from different sources of origin varies but is the major
constituent in the overall composition. Table-5.1 provides a composition of LNG from
22 different sources, of which ‘Australia – North West Shelf’ LNG contains 87.33%,
whereas ‘USA – Alaska’ LNG contains 99.71% methane. Since the boiling point of
liquid methane (-161.5C) is less than other higher fractions i.e., ethane (-88C),
propane (-42C) and butane (-0.5C) etc. (Engineering ToolBox, 2003), methane boils
off first and so forms the main component of Boil-Off-Gas. The boiling point of
nitrogen is about -196C, but since the quantity is very small it can be safely omitted
from the calculations and fuel will be considered as pure methane. In addition, the
calculations will consider complete combustion (i.e., zero ‘methane slip’) and so 100%
of the methane is converted to carbon dioxide and water vapour.
The case will be different for the vessel using LNG fuel, with a forced boil-off system,
as the liquid LNG is taken from the tank and gasified by forcing-vaporizer, each
component of fuel will be considered and the average calorific value will be calculated
by the ‘ratio and proportion’ method.
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Table 5.1: Composition of LNG from different sources (GIIGNL, 2018)
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5.2 Stoichiometric air for Methane combustion
The quantity of air required for complete combustion of fuel (methane in this case) is
called stoichiometric air or theoretical air. Considering the above assumptions,
methane combustion can be represented as (Bahrami, 2011),
CH4 + 2(O2 + 3.76N2)  CO2 + 2H2O + 7.52N2 + Energy
The combustion air is 2 moles of ‘oxygen’ and 7.52 moles of ‘nitrogen’, giving a total
of 9.52 moles of air per mole of fuel ‘methane’. The average molar mass of air is 28.97
g/mol and methane is 16.04 g/mol. The air-fuel ratio (m/m) can thus be calculated as;
Air Fuel ratio = {

ṁ air
9.52 x 28.97
}
=
= 17.19 kg of air / kg of methane
1 x 16.04
ṁ fuel

(1)

5.3 Exhaust gas composition
For dry air, the following assumptions are made (Bahrami, 2011)
Oxygen (O2) = 20.90%
Nitrogen (N2) = 78.10%
Argon (Ar)

= 00.90%

Other gases (carbon dioxide, helium, neon, hydrogen, krypton, nitrogen-oxides,
carbon-monoxide etc) = 0.1%
Argon will be treated as 1% Nitrogen and other gases ignored for calculation.
Hence for the calculation, dry air can be approximated as 21% O2 and 79% N2 by mole
numbers. This provides the approximate ratio of nitrogen as (0.79/0.21 = 3.76).
For an ideal gas mixture (considering valid Amagat’s Law), PV = nRT
Where, (Noggle, 1997); (Bejan, 2016).
P
Vi =

Pressure,
ni RT
P

Volume of ‘i' fraction,

V = ∑Vi

Total volume,

ni

Quantity of i-component (in mol),

n = ∑ni

Sum total of each component (in mol),
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(2)

R

Ideal Gas constant {= 8.31446

J

},

mol.K

= Boltzmann constant (1.380649*10 -23 J/K)*Avogadro constant (6.02214*1023 mol-1)
T

Absolute temperature (in K),

Xi =

ni

mole fraction of the i-component,

n

If ‘P’ and ‘T’ is same for the mixture, and as ‘R’ is constant for both gases,



(

ni
n

)=(

Vi
V

)

(3)

Therefore, an expression in mole number is the same as volume fraction.
1 kmol O2 + 3.76 kmol N2 = 4.76 kmol of air.
The flue gas composition for Methane as a fuel can be expressed as
CH4 + 2(O2 + 3.76N2)  CO2 + 2H2O + 7.52N2

(4)

If, ‘’ represents fraction of excess combustion air,
CH4 + (1+ ) 2 (O2 + 3.76N2)  CO2 + 2H2O + 2 O2 + (1+) * 2 * (3.76N2)

(5)

 For 10% Excess air the combustion reaction will be
CH4 + (1+ 0.1) 2 (O2 + 3.76N2)  CO2 + 2H2O + 0.2O2 + (8.272N2)

(6)

Based on equation-6, the percentage component of flue gas can be calculated as,
CO2

= (1/11.472) * 100%

= 08.73%

H2O

= (2/11.472) * 100%

= 17.43%

O2

= (0.2/11.472) * 100%

= 01.74%

N2

= (8.272/11.472) * 100%

= 72.10%

5.4 Heat capacity calculation for each species of exhaust gas
Shomate equation for gas phase heat capacity ‘Cp’ is expressed as (Chase, 1998).
Cp = A + B*t + C*t2 + D*t3 + E/t2

(7)

Where,
Cp

= Heat capacity (J/mol*K),

t

= Temperature (K)/1000,

A, B, C, D and E

= Constants (for specified temperature range in ‘K’, Table-5.2).
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Table 5.2: Value of constants for Shomate equation (Chase, 1998).

Table 5.3: Calculated ‘Cp’ at 170C (443K) & 110C (383K) using Equation-7and Table-5.2.
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The heat capacity for gases (oxygen, nitrogen, carbon dioxide and water vapour) at
170C & 110C is calculated in Table-5.3, as the subsequent calculations will estimate
the available energy between these two temperatures (section-5.7). An Excel sheet for
calculating Cp is attached as Appendix-5A. Figure-5.1 shows the heat capacity of these
gases ‘Cp’ (J/mol*K) vs temperature (Kelvin, K).

Figure 5.1:Heat capacity ‘Cp’, for O2, CO2, N2 and H2O Vapour (Chase, 1998).
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5.5 Energy Calculation
The following theoretical calculation for low-end heat for flue gas is based on a study
conducted by the Office of Energy Efficiency and Renewable Energy – USA (Johnson
& Choate, 2008). The energy balance of a combustion is shown in Figure-5.2:

Figure 5.2: Combustion – Energy balance, adapted from (Johnson & Choate, 2008).
The energy balance in a fuel fired boiler can be expressed in a simplified equation
E in = E work + E exh + E loss

(8)

Where,
E in

= Energy input (= Mass of fuel * Heating Value of fuel = ṁ fuel * hc).

E work = Energy transferred to a heating medium (Water to superheated steam).
E exhaust = Energy carried out with exhaust gas (waste heat energy with exhaust gas).
E loss

= Energy lost from the boiler surface as radiation and conduction (~2% E in).
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Energy loss as radiation and conduction is minimized by enclosing the furnace with
water-wall tubes and is further double insulated, (partly with internal refractory and
partly with external insulation); however, it cannot be completely eliminated as the
surface area is large and it becomes bulky and expensive to further reduce or recover
it. For the purpose of this calculation, total radiation heat loss of 2% will be considered.
The low-end heat carried away with the exhaust gas, which is the sum of mass flow of
each component and its enthalpy; hence depends upon the composition of flue gas and
its temperature. The total energy loss can be quantified by the following equation:
E exh = {ṁ h(t)} exh = ṁ exh ∑𝑖 {xi hi (t)} exh

(9)

Where,
ṁ

= exhaust gas mass flow rate,

h(t)

= gas enthalpy,

xi

= mass fraction of each gas component (i) in the exhaust.

hi (t)

= enthalpy of each gas component (i) as a function of temperature (t).

5.6 Mass flow rate of exhaust gas
The mass flow rate (𝑚̇) of exhaust gas relative to fuel supplied can be expressed as:

{

ṁ exh gas
}
ṁ fuel

ṁ fuel + ṁ air
ṁ air
}
=1+{
} = 1 + Air Fuel Ratio
ṁ fuel
ṁ fuel

={

(10)

 ṁ exh gas = ṁ fuel *{1 + Air Fuel Ratio}
 ṁ exh gas = ṁ fuel *{1 + 17.19 * (100+ Excess Air%) / 100}

For 10% Excess air,
 ṁ exh gas = ṁ fuel * {1 + 17.19 * (100 + 10) / 100}
 ṁ exh gas = ṁ fuel * {1+(17.19 *1.1)}
 ṁ exh gas = ṁ fuel * {19.9135}.
The air-fuel ratio (=17.19) is calculated using equation-(1) and the percentage
composition of combustion gas for 10% excess air is calculated using equation-(6).
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5.7 Exhaust gas temperature consideration
Typical exhaust gas temperature on board ship varies between 165C ~ 175C to avoid
sulphuric acid corrosion, so for the calculation temperature 170C is considered.
With LNG fuel, considering methane as the only component, hence no sulphur oxides
and sulphuric acid is formed, the lower temperature of 110C will be considered.
Assuming no condensation of water vapour occurs at 110C, only the specific heat
capacity of vapour will be considered and latent heat will be ignored for calculation.
The enthalpy for gas is measured at a reference temperature of 25C (ambient
condition), to provide a basis for maximum heat available if the gas is cooled to
atmospheric temperature. Two additional calculations are done to estimate the total
heat at present working of 170C and lowered temperature at 110C (yellow marked
in Table-5.4). The difference between these two energies will provide the net available
heat for recovery and thus the gain in combustion efficiency can also be calculated.
From equation-(8) and equation-(9),
E exh

= ṁ exh ∑𝑖 {xi hi (t)} exh

E exh

= ṁ fuel {

ṁ exh
ṁ fuel

} ∑𝑖 {xi hi (t)} exh

(11)

Where,
( ṁ fuel)
{

ṁ exh
ṁ fuel

}

= fuel input and
= the ratio of exhaust gas mass flow rate to fuel input, calculated from
the combustion equation-(10)

The fraction of low-end heat loss to total input energy can be expressed as (Eq-11/Ein),
{

E exh
E in

}

= [ ṁ fuel {
= [{

ṁ exh
ṁ fuel

ṁ exh
ṁ fuel

} ∑𝑖 {xi hi (t)} exh ] / [ ṁ fuel hc]

} ∑𝑖 {xi hi (t)} exh ] / [hc]

(12)

Where,
‘hc’ is the Heating Value (HHV/LHV) of the fuel.
(Methane HHV=55.50 MJ/kg, LHV = 50.00 MJ/kg) (Engineering ToolBox, 2003).
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Based on equation-(11) and equation-(12), the total energy content of exhaust gas can
be calculated by knowing the following five variables.
(1) Fuel consumption (kg),
(2) Exhaust gas chemical composition (calculated by equation-(6)),
(3) Exhaust gas mass flow rate (variable of fuel consumed and excess air),
(4) Exhaust gas temperature (assumed for calculations, 170C and 110C),
(5) Enthalpy {hi (t)} of each component of exhaust gas (Section-5.8, Table-5.4).

5.8 Enthalpy calculation for each component of flue gas
The enthalpy {hi (t)} for an ideal gas is a function of temperature (t), and can be
expressed as
t

t

∫r hi dt = ∫r Cp, i (t) dt

(13)

where,
hi (t)

= enthalpy of gas species at temperature ‘t’ and reference temperature ‘r’,

t

= specified temperature (K)/1000,

Cp, i

= specific heat capacity of gas species as a function of temperature,
{equation-(7) Table-5.3}.

Cp = A + B*t + C*t2 + D*t3 + E/t2
t

t

𝑡

 ∫r hi dt = ∫r Cp, i (t) dt = ∫𝑟 (A + B*t + C*t2 + D*t3 + E/t2) dt.
t

t

r

r

 hi (t)] = A*t + B*t2/2 + C*t3/3 + D*t4/4 − E/t + Constant]

 H° − H°298.15= A*t + B*t2/2 + C*t3/3 + D*t4/4 − E/t + F – H

Where,
H°

= standard enthalpy (kJ/mol) at temperature ‘t’.

R

= reference temperature 25C (=298.15 K).
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(14)

The value of constants provided in Table-5.2 is substituted in equation-(14) to
calculate the enthalpy for each species of the exhaust gas and is tabulated in Table-5.4.
The enthalpy values are verified correspondingly with the standard reference database
69: NIST-JANAF Thermochemical Tables, J. Phys. Chem. Ref. Data, Monograph 9,
as attached in Appendix-5B (Chase, 1998). Two tables for water vapour has been
calculated (1) water vapour as ‘ideal gas’ and (2) water as ‘real gas’ above 373K, 1
Bar. Subsequent calculations are based on two assumptions (1) water vapour as an
ideal gas and (2) no condensation occurs at temperatures above 373K, hence latent
heat of water vapour is not considered. An excel sheet to calculate enthalpy as per
equation-(14) is attached as Appendix-5C.
Table 5.4: Calculated Enthalpy for N2, O2, CO2 & H2O (Equation-14 & Table-5.2).

Fraction of each species in exhaust gas is previously calculated in equation-(6).
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5.9 Calculations considering LHV Methane
(1) Total energy input = ṁ fuel * LHV methane = ‘Qin’
If mass flow of fuel is 1 Ton/Hour = 103 Kilogram/Hour.
 Total energy input = 1000 kg/Hr * 48000 kJ/kg = 48000 * 103 kJ/Hr
= 48000,000 kJ/3600 sec

{methane LHV = 48.0 MJ/kg (MEPC.281(70), 2016)}.

 13333 KW.
(2) Heat loss through radiation and conduction assumed = 2% of total energy supplied
‘QLoss’ = 13333 *0.02  267 KW
(3) Total energy through exhaust gas at temperature 170C (443K)
= 103 Kg/Hour * 19.9135 * {(0.721*4231/28) + (0.0174*4329/32) + (0.0873*5813/44)
+ (0.1743*4896/18)} kJ/kg

{from equation-(6,10 &11) and table-5.4}

= 1000*19.9135 * {108.95 + 2.354 + 11.534 + 47.41} kJ/Hr
= 19913.5 * {170.25} kJ/Hr
= 33,90,233.55 kJ/3600 sec
 942 KW = ‘Qout 1’.
 Efficiency of boiler = {(Qin – Qout 1 – QLoss) / Qin} * 100%
= {(13333 – 942 – 267) / 13333} * 100%

 90.9%

(4) Total energy through exhaust gas at temperature 110C (383K)
= 1000 kg/Hr * 19.9135 * {(0.721*2474/28) + (0.0174*2515/32) + (0.0873*3305/44)
+ (0.1743*2841/18)} kJ/kg

{from equation-(6,10 &11) and table-5.4}

= 19913.5 * {63.71 + 1.368 + 6.558 + 27.51} kJ/kg
= 19913.5 * {99.146} kJ/kg
= 19,74,343.87 kJ/3600 sec
 548 KW = ‘Qout 2’.
 Efficiency of boiler = {(Qin – Qout 2 – QLoss) / Qin} * 100%
= {(13333 – 548 – 267) / 13333} * 100%

 93.9%

Calculation provides a theoretical gain in efficiency of 3.0% (93.9% – 90.9%) and
available heat = Qout 1 - Qout 2  942 – 548 KW  394 KW, for temperature difference
of 170C110C, with the combustion product of 1 ton methane and 10% excess air.
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5.9 Summary of chapter-5
The chapter concludes with a favourable calculation, with an estimated 394 kW of
available energy within temperatures difference of 170 and 110C of combustion
product of one ton of methane burnt in 10% excess air. This available energy can be
recovered for ship’s use, which in effect will reduce the total fuel energy required and
increase the overall plant efficiency. Various possibilities and technologies to utilize
the recovered energy in the boiler-turbine based plant is described in chapter-6 and in
the motor propulsion system in chapter-7. Figure-5.7 represents the summary of
chapter-5.

Figure 5.3: Chapter-3 summary (Created by author).
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CHAPTER 6. APPLICATION ON THE STEAMSHIPS
Steam turbine ship propulsion systems have come a long way since Sir Charles Parson
successfully demonstrated their application on the historical vessel Turbinia in 1897
followed with torpedo-boat destroyers Viper and Cobra. The system in its era proved
efficient and economical over steam reciprocating engines fitted for comparison trial
basis on similar third-class cruiser Amethyst. The success influenced the British
Admiralty to decide on turbine propulsion for the battleship Dreadnought in October
1905, followed by a decision to adopt turbines for all new naval ships and its
introduction in commercial vessels (Walker, 1919).
The first oil crisis of October 1973 saw a steep rise in fuel price, Shipping by then
more of an oil than coal-dependent sector found an easy switch over to fuel-saving
diesel engines already available in the market, which caused a demise of steam
turbines, except for some specialist ships where the steam turbine still proved to be
advantageous (Diesel Technology Forum, 2001). One such example is LNG carriers,
with its propulsion based on boiler-steam-turbines since the first commercial ship ST
Methane Princess, was built in 1964, as boilers facilitated simultaneous burning of
fuel oil and boil-off gas (SIGTTO & GIIGNL, 2014). This trend experienced a change
after 2003, with the development of the dual fuel engine capable of burning BOG. As
its inherent high efficiency proved economical, 159 new LNG carriers were ordered
with DFDE propulsion (Fernández, Gómez, Gómez, & Insua, 2016). Other systems
suitable for steam turbines are with a nuclear reactor heating source but the proposed
improvement will not be applicable to it being a combustion-free system. Moreover,
the system finds its application limited to naval ships, submarines and a small niche in
state-owned icebreakers (Drewniak, Dalaklis, Kitada, Ölcer, & Ballini, 2018).
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6.1 Heat utility concept
Though steam-turbine propulsion accounts for a small proportion of an entire maritime
fleet, this chapter will endeavour to explore some possibilities of efficiency
improvement. The conceptual diagram (Figure-6.1) identifies the utilities that are not
associated with the main steam plant but are just a consumer of system energy that
could have otherwise contributed to main turbine power generation and efficiency.
The chapter proposes to provide the energy for these utilities from the recovered heat
although the other option of using ORC for electricity generation, feeding to main bus
and SGM arrangement on propeller shaft (as explained in chapter-7) remains available.

Figure 6.1: Waste heat utility in turbine plant (Created by Author).
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Conventional LNG vessels using steam propulsion comprise two main boilers with a
total evaporation rate of 80 ~ 90 Tons/Hr at 6.0 MPa, and superheated to 520C. The
main propulsion is two-cylinder cross compounded steam turbine with a combined
power of 35 MW to 45 MW. Main steam is also used to power turbo alternators for
vessels electricity demands keeping one diesel engine driven alternator as a standby
machinery (Fernández, Gómez, Gómez, & Insua, 2016). These vessels are not
equipped with re-liquefaction plant, so any cargo boil-off (BOG) is burnt in boiler as
a part of fuel demand; the balance fuel is HFO. Boilers are capable of using HFO as a
whole of fuel demand if no gas is available. The maintenance and operating cost of the
steam propulsion system is considerably lower compared to other systems due to BOG
availability as fuel but the disadvantage associated is low thermal efficiency resulting
in higher transportation cost and lack of trained personnel to operate (IGU, 2017).

Figure 6.2: An indicative layout of steam plant (Created by author)
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A typical marine steam turbine plant with three regenerative bleeds is represented in
Figure-6.2. The machinery consists of two main boilers (each with the capacity
ranging from 6.0 MPa X 515C X 36~220 Tons/Hr), one main turbine, consisting
high-pressure turbine (HPT) and low-pressure turbine (LPT) with a combined power
range of 5000 ~ 45000 KW (MHI-MME, 2017). The system operates on ‘Rankinecycle’ and the above layout shows three regenerative bleeds from the main turbine,
first from the HPT intermediate stage, second from the crossover between HPT and
LPT and third from the LPT. Above the pre-set RPM these bleeds open and provide
steam for auxiliary services. Below that RPM, when the bleed steam is not available,
the main steam directly supplies for the auxiliary need after successive pressure
reduction. Regenerative bleeds are used to raise the feed water temperature close to
the water drum saturation temperature and achieves the ideal regenerative Rankine
cycle with much higher efficiency, however with a trade-off of turbine power output.
New generation Ultra-Steam Turbine (UST) fitted on Sayaendo series LNG ships, uses
10MPa steam at 560C with an intermediate stage reheat have proved more efficient
as compared to the conventional system (Ito, Hiraoka, Matsumoto, & Tsumura, 2007).
These steam plants, while in operation consume distilled water for atomizing steam in
the boiler HFO burner, and during gas burning as a purge steam to prevent the burners
from overheating. Water is also lost in leakages, drains, evaporation from the open
atmospheric tanks and air removal vents at the main condenser and deaerator. Regular
loss of water occurs during soot blow and boiler blowdown. To compensate these
losses, vessels need to produce distilled water onboard, using vacuum-evaporation
type fresh water generators (FWG). In addition to distilled water for boilers, vessels
need fresh water and drinking water for hotel services, deck cleaning etc. The heating
for FWG is supplied from auxiliary steam lines at low pressure and temperature, as the
boiling point of water reduces in a vacuum (<46C at 90% vacuum, <33C at 95%
vacuum (Siemens, 1999)). This adds to the fuel load on the boiler and hence reduces
the overall plant efficiency. Other general loads are HFO tank and piping heating as
well as LNG heating in vaporisers and heaters for boiler consumption.
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Figure 6.3: Recovered heat utility 1. FWG, 2. FWG and heaters (Created by Author).
The layout of the machinery should be arranged according to the available quantity
and quality of heat; certain possible layout is shown in Figure-6.3. A low energy
system can utilize the heat for FWG and domestic heating can be added for additional
heat available (for e.g. purifier lube oil heater, domestic hot water supply heater and
fuel oil heater). This provides additional safety for boiler water, against possibilities
of oil contamination by isolating the oil heat exchangers. For a very large plant, this
heat can be utilized for boiler combustion-air heating through ‘Hot Water Air Heater’
(HWAH) and as the supply air is proportional to exhaust air (as shown in chapter-5),
it self-matches the available heat. The hot combustion air improves the boiler
efficiency as shown in Table-6.1. The reading is based on methane fuel with 10%
excess air (Johnson & Choate, 2008).
Table 6.1: Furnace efficiency vs. combustion air preheat (Johnson & Choate, 2008).
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Figure 6.4: HWAH, various heaters & FWG in use (Drawing created by Author).
Additionally, the thermal efficiency of the steam plant will increase, as higher quantity
of bleed steam will be available to feed water regeneration, and secondly the turbine
power output will increase as the total quantity of steam extraction will reduce due to
reduced heating loads, providing more steam in subsequent stages (Tokarz, 2006).
Theoretically, it can be explained by considering a simplified drawing of a steam plant
with three-stage regeneration, working in two conditions; case-I with external heat
load on the plant (Figure-6.5) and case-II with no external load (Figure-6.6).
The power per cycle for case-I can be represented as:
Power = NT1
={m0*h0} – {(m1*h1)+(m2*h2)+(m3*h3)+(mk*hk)} – {(m4*h4)+(m5*h5)+(m6*h6)} (1)
Where,
mi = Mass flow through each section, (i = 1~6 and k) and (m0 = ∑61 𝑚i + mk),
hi = Specific enthalpy of bleed steam, (i = 1~6, k).
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Figure 6.5: Case-I: 3-stage regeneration steam plant (adapted from (Tokarz, 2006)).
The power of the cycle can be represented for case-II as:
Power = NT2 = {m0* h0} – {(m1*h1) + (m2*h2) + (m3*h3) + (mk*hk)}
Where,
mi = Mass flow through each section, (i = 1,2,3 and k) and (m0 = ∑31 𝑚i + mk),
hi = Specific enthalpy of bleed steam, (i = 1~3, k).

Figure 6.6: Case-II: 3-stage regeneration plant without heat load (Tokarz, 2006).
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(2)

Figure 6.7: Mass balance for case-I and II on T-S Chart (Created by author)
From equation (1) and (2), power in case-II is higher than power in case-I because NT2
> NT1, as the mass sum of steam extraction (m4, m5 and m6) is positive. This can be
represented in a graph as indicated in Figure-6.7. The red coloured rectangle on the
right shows the external work done by bleed steam, which can be supplied by the
recovered heat from the exhaust gas.
6.2 Summary of chapter-6
The concept of chapter-6 can be summarized in Figure-6.8, representing turbine power
output vs. manoeuvring valve lift. The x-axis represents manoeuvring valve lift that is
proportional to steam flow and plotted against turbine power on the y-axis. Four curves
represent turbine power output for different steam bleed conditions. The figure
indicates a direct relation between steam flow and power generated i.e., for a particular
valve opening, a higher mass flow of steam through turbine generates higher power.
The advantage can be calculated in terms of reduced fuel consumption for the same
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power generated at reference speed. This in effect will reduce the Specific Fuel
Consumption (SFC) of the plant and hence will provide a reduced Energy Efficiency
Design Index (EEDI) of the ship.
The green line in Figure-6.8 represents turbine power with designed bleed-steam
extraction for regenerative feed heating only. Any external loads will reduce the power
towards the red line and increase in fuel consumption. The two lines above the green
line represents higher power, i.e., the blue line represents the maximum power without
any bleed-steam extraction and any line in between will represent part bleed-steam
extraction, however with a reduced efficiency due to less regenerative feed heating.

Figure 6.8: Power output with varying steam extraction vs. manoeuvring valve lift.
(an indicative drawing created by author).
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CHAPTER 7. APPLICATION ON THE MOTOR SHIPS
The history of diesel engine begins in 1892 with the first patent applied by Dr. Rudolf
Diesel in 1892 (Diesel, 1892). Nevertheless, it could be introduced to marine vehicles
only after the limitation of going astern was overcome by a direct reversing system
developed by Sulzer in 1905; initially used in submarines, with successful efforts by
various builders like MAN, Schneider and Co., FIAT independently. The first
commercial application was made in 1912, on passenger ship Selandia built by
Burmeister & Wain shipyard in Denmark (Pounder, 2009).
Dr. Rudolph Diesel’s patent enumerated three different processes viz. (1) ‘the furnace
gas engine’ with a work output of merely 6% and remaining lost to exhaust gas (46%),
cooling water (42%) and radiation/sundries (6%); (2) ‘the gas engine’ (or petroleum
motor engine), which showed a better efficiency with a work output of about 22% and
lost about 43% to cooling water and remaining 35% to exhaust gases; (3) ‘the hot air
engines’, which did not utilize the combustion gases but transmitted heat to the air
through cylinder walls that resulted in high loss through the chimney, incomplete
combustion and gas escape and additionally needed forced cooling. The overall system
provided an unfavourable result and was abandoned (Diesel, 1892). The first prototype
engine was tested in 1893 but could never run on its own power; the second prototype
engine built in 1894 was successful and lead to the development of third engine ready
for efficiency-test and production (Mollenhauer & Klaus, 2010). Rudolf’s third test
engine as shown in Figure-7.1 registered its efficiency at 26.2% at acceptance test
(Jääskeläinen, 2013).
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Figure 7.1: Rudolf Diesel's third test engine prototype (Jääskeläinen, 2013)

Figure 7.2: Improvement in diesel engine efficiency over a century.
(1) (Pounder, 2009, p. xii), (2) (Mollenhauer & Klaus, 2010).
Lately the engines have undergone many developments i.e., from a pure mechanical
system to the use of hydraulic, pneumatic and with electrical/electronic assistance to
enhance its thermal efficiency in excess of 54% and specific fuel oil consumption
(SFOC) as low as 155.5 g/KWh (MAN Diesel & Turbo, 2018), almost half that of Dr.
Rudolph’s test engine (Pounder, 2009, p. xxii).
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7.1 Wartsila ‘W31’ engine

Figure 7.3: Specification of Wartsila diesel engine 'W31' (Wartsila, 2017).
Wartsila for its 2017 version of ‘W16V31’ engine, claims an SFOC of 170.6 g/kWh
in dual-fuel mode. The exhaust gas temperature varies between 273C and 320C for
‘main engine’ use (Wartsila, 2017), which indicates energy-loss through the exhaust.
However, on large engines, an economizer is fitted upstream to generate steam for
domestic purposes. With the data provided (as attached in Appendix-7A) and calorific
value of test fuel as 42,700 KJ/Kg, the heat balance is calculated in Table-7.1 and
represented by Sankey diagram in Figure-7.4. The heat carried away by exhaust gas is
17.14% and the charge air cooler (HT+LT) is 21.47%.
Table 7.1: Heat balance calculation for Wartsila engine ‘W16V31’ (Wartsila, 2017).
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Figure 7.4: Sankey diagram for 'W16V31' (prepared by author, based on Table-7.1).

Figure 7.5: Heat recovery through ORC12,13(Conceptual diagram created by author).

12
13

ORC, SGM and PTO function is explained in Section-7.2 & Section-7.3.
ORC efficiency (=19.6%) is assumed on the basis of ‘Siemens module-3’, Table-7.2.
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Figure 7.6: Sankey’s diagram with an ORC system (prepared by author)14,15,16.
The calculation for Figure-7.6 is based on Table-7.1 and Figure-7.5, with an
assumption of ORC efficiency = 19.6% (Table-7.2) that provides 1037.21 KW of
energy recovered from waste heat, equivalent to {(1037.21/9760) * 100%} = 10.62%
of main engine rated power. Considering the standard electrical efficiency17 of the
system = 91.3%, the maximum electrical energy transferred to shaft = (1037.21*0.913)
= 946.97 KW, in addition to the main engine shaft power of 9760 KW. This implies
total shaft power (MCRME + PPTI) = 9760 + 946.97 = 10706.97 KW.

14

Note: Assumed efficiency of heat recovery from Charge air-HT and Exhaust gas, using ORC = 20%.

15

Note: The heat loss through lubricating oil circuit and jacket water cooling can be partly recovered by using

FWG or through ORC but is not accounted in this calculation.
16

Note: The referred engine Wartsila ‘W31’, has following engine driven pumps consumes 2.2g/kWh of power at

100% load; (1) Lube oil (1.2 g/kWh), (2) LT Water (0.5 g/kWh) and (3) HT Water (0.5 g/kWh); (Appendix-7A).
17 ‘MEPC.245(66),

2.3.5.1’ specifies to consider electrical efficiency, (i), as 91.3% for calculating attained EEDI.
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The following case studies will analyse two different systems of waste heat recovery:
Case study – I: ‘Siemens Aktiengesellschaft – Germany’: Organic Rankine Cycle
(ORC) system,
Case study – II: ‘Mitsubishi heavy Industries – Japan’: Combination of Steam Rankine
Cycle (SRC) and exhaust gas turbine.
In addition, the working principle of Shaft Generator Motor (SGM) will be discussed.
7.2 Case study – I: Siemens – ORC

Figure 7.7: Siemens ORC pipeline-diagram (Siemens-ORC, 2014)
Siemens ORC-Module (as shown in Figure-7.7), with silicon-oil as a working fluid, is
an efficient option for low-end heat recovery. Similar to the Steam Rankine Cycle
(SRC), the superheated vapour produced in the evaporator generates electricity
through ORC-turbine drive to the generator. The vapour then passes through the
recuperator to transfer its superheat to the liquid side of the process and then is
condensed in the condenser. The condensate is then pumped to the evaporator via pre-

86

heaters for the next cycle of work extraction. For safety shutdown and system start-up,
a bypass valve is fitted. The ORC-module of capacity up-to 2 KW, is ideal for a
medium temperature range of 300C exhaust gas and can work as condensation or
back-pressure turbine. The system incorporates a recuperator to reduce the heat load
on the evaporator and also to enhance the thermal efficiency. The working medium is
chlorine-free silicon oil, a non-corrosive, non-toxic substance with zero Ozone
Depletion Potential (ODP) and no Global Warming Potential (GWP). Figure-7.8
shows the ‘T-S Diagram of Silicon-oil-MM’. The positive slope indicates the fluid
remains dry even after expansion at low pressure. The advantage of dry fluid is that it
prevents erosion of turbine blades in its saturated region. Additionally, the low
freezing point, high-temperature stability, high heat of vaporization and high density
enhance the system performance and improve heat recovery (Siemens-ORC, 2014).

Figure 7.8: T-S Diagram of Silicon-oil (Vanslambrouck, Vankeirsbilck, Broek,
Gusev, & Paepe, 2012).
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A wide range of working fluid capable of working in the Rankine cycle is available
e.g. water, toluene, R245fa, n-pentane cyclopentane and solkatherm, with different
thermophysical properties. The right selection of working fluid will depend upon
design and type of components like turbine, condenser, pumps, heat exchangers and
other factors (Vanslambrouck, Vankeirsbilck, Broek, Gusev, & Paepe, 2012).
Table 7.2: Siemens ORC-Modules working parameters (Siemens-ORC, 2014).

The Siemens system (Figure-7.7, Table-7.2) is fitted with a control valve at the HT
and LT section to maintain working fluid temperature. The author suggests a
modification in the layout and design of the optional preheater, to enable the recovery
of heat down to 110C from the exhaust gas and use of a suitable fluid for enhanced
thermal efficiency. This may require rearrangement of a working range of each stage
to balance the load-sharing e.g. HT range to 300C/220C and LT to 220C/110C.
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7.3 Case study – II: Mitsubishi Heavy Industries – MERS
Since the oil crisis of October 1973 i.e., the first oil shock, shipping by then more of
an oil than the coal-dependent sector, developed and adopted various energy saving
systems. Recovering waste heat from oil-fired boilers was a primary consideration,
even though fuel-saving main diesel engines were available in the market. Hull and
machinery were designed to minimize losses and save energy. As a typical event hot
water flash steam generator (Figure-7.10) and steam turbine generator (STG), were
developed between 1983 and 1985 and installed on 19 existing and 4 new-built vessels.
The ill-effect of low-temperature sulphur corrosion, then not studied and estimated,
was apparent on the economizers due to acidic corrosion failure. The use of expensive
coating or corrosion resistant material was technically and economically not feasible,
hence, the most economical solution adopted was to maintain exhaust temperature
above the dew point of acids present in the combustion gas (MHI-ERS, 2018).

Figure 7.9: MERS - Installation on Motor Vessels (MHI-ERS, 2018).
Figure-7.9 shows various systems of the Mitsubishi Energy Recovery System (MERS)
installed on motor vessels. More than 300 conventional Economizer - Steam Turbine
Generator (Eco-TG) systems, in various configurations with exhaust gas driven
turbines, have been installed by the Mitsubishi shipbuilding company (MHI-ERS,
2018). The following section outlines the layout and working arrangements of certain
common systems.
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7.3.1 Hot water flash steam generator turbine

Figure 7.10: MHI - Hot water flash steam generator (MHI-ERS, 2018).
The hot water flash STG, as shown in Figure-7.10, is capable of working within an
exhaust gas temperature difference of 250C to 120C. The engine exhaust gas drives
turbocharger, and then enters economizer at about 250C. The system was abandoned
due to the problem of acid corrosion failure at low operating temperature. This system
has a huge potential for a comeback with the adoption of sulphur-free fuel.
The condensate water is mixed with the drain from heating services and hot water flash
chamber and pumped through the engine scavenge air cooler to the first stage
economizer and then to the auxiliary boiler. A part of water is further heated in the
economizer then flashed into the LP steam separator and used for ship service and to
drive the flash turbine. The hot water from the LP steam separator is flashed in a 3stage hot water flash-chamber. Each stage of the system is subject to available steam.
The drain then passes to heating service and flash off steam assist the LP steam to
drive the turbine and remaining drain is pumped back to the condensate line using a
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booster pump. After the last stage, the turbine steam is condensed and collected in the
condenser for the next cycle. This system can provide an economical and efficient
solution to work extraction, from an acid-free exhaust-gas.
7.3.2 Economizer - Steam Turbine Generator
The system is based on steam turbine and/or exhaust gas turbine, and can be configured
for optimizing the heat extraction. Four common layouts are discussed below:
7.3.2.1 Eco-TG without gas bypass
A conventional dual pressure system, with all the exhaust gas, after driving the
turbocharger, enters HP-steam super-heater and then to the economizer laid in two
sections i.e., HP at 7.5 Bar and LP at 4.0 Bar, as shown in Figure-7.11. Steam from
the HP steam drum is superheated to 228C, at 6.5 Bar before driving the steam
turbine. Part of the HP saturated steam is used for ship services. The LP saturated
steam at 4 Bar enters the turbine at a subsequent stage to assist the drive. The maximum
total capacity as per drawing is 2150 KW electrical output (MHI-ERS, 2018).

Figure 7.11: Eco-TG without gas bypass (MHI-ERS, 2018).
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7.3.2.2 Eco-TG with gas bypass
Figure-7.12 shows the layout for water and steam is similar to the previous system;
however, the exhaust gas side is modified to optimize the heat extraction at varying
engine load. Part of the high-temperature gas is directly led to the economizer and the
rest joins it after driving the turbocharger. The manufacturer claims a gain of 1.5 to
1.8 times of power generation over the previous system of Eco-TG without gas bypass.

Figure 7.12: Eco-TG with gas bypass (MHI-ERS, 2018).
7.3.2.3 Power Turbo Generating (PTG) system
The PTG system (Figure-7.13) is compact and suitable for smaller vessels with space
limitations as it does not incorporate a bulky economizer and steam system. Part of the
exhaust gas from the main engine is used to drive its turbocharger and the rest is
bypassed to drive a power turbine for electricity generation (MHI-MMEC, 2013).

Figure 7.13: PTG system (MHI-MMEC, 2013).
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7.3.2.4 Steam Turbo Generating (STG) system
The STG system, as shown in Figure-7.14, is a combination of the Eco-TG and the
Power-TG system, wherein an optimized quantity of exhaust gas is used to turbocharge
the engine and the remaining part is used to drive the PTG connected to the alternator
through the SSS clutch. The two parts then together heat water in the economizer to
generate dual pressure steam (saturated LP and superheated HP) used to drive the STG.
The combination is claimed to be 2.4 to 2.8 times efficient than the Eco-TG without
gas bypass system. The economizer can be configured depending upon the quantity of
heat available and ergonomics, e.g. with or without super-heater, single or dual
pressure. The electricity generated is fed to the ship’s electrical system through the
Main Switch Board (MSB), as shown in Figure-7.15 and facilitates offloading of all
the auxiliary engines at sea load. Any surplus electricity is used to boost the main shaft
power through the Shaft Generator Motor (SGM) (MHI-MMEC, 2013). The SGM
system is independent of engine specification and so can be installed on any engine.
The system described is suitable for MAN ‘8K98ME-C’ engine (MHI-ERS, 2018),
with its power rated at 48,160 KW (MAN-B&W, 2014).

Figure 7.14: STG system (MHI-ERS, 2018).
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7.4 Shaft Generator and Motor system
Figure-7.15a shows the electrical layout of WHRS wherein the shaft motor acts as a
variable consumer and Figure-7.15b shows the two power curves of SGM with its dual
function. The motoring i.e., Power Take-In (PTI) function is to assist the main engine
(M/E) and can be started above 20% load with maximum 2,900 kW above 50% M/E
load and as a generator i.e., Power Take-Off (PTO) function, which draws maximum
3500 KW above 50% M/E load. Between 20% to 50% of M/E load, the capacity of
SGM varies linearly as shown in Figure-7.15b and below 20% load it is stopped (MHIERS, 2018). Additionally, the system enhances safety by safeguarding from total
black-out, by automatically switching over to generator function (MHI-ERS, 2018).
The automated power management system optimizes overall performance and reduces
the CO2 and NOx emissions of the vessel per unit power produced (NMT, 2016).

Figure 7.15: (a) Shaft Generator Motor (b) Power curve for SGM (MHI-ERS, 2018).
Two screen-shots of SGM with its dual functions are shown in Figure-7.16 and 7.17.
PTO function: Figure-7.16 shows M/E is operating at 68% load and all D/Gs are
offloaded. Total electrical load on the ship is 4443KW supplied by power turbine
(=1047KW), steam turbine (=1565KW), and SGM generator function (=1831KW).
PTI function: Figure-7.17 shows M/E is operating at 92% load and all D/Gs are
offloaded. The power turbine (=1743KW) and steam turbine (=2285KW) are
generating total 4028KW and supplying to ship’s electrical load of 2785KW and SGM
motor-function 1243KW.
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Figure 7.16: Screen-shot for SGM generator function (MHI-ERS, 2018).

Figure 7.17: Screen-shot for SGM motor function (MHI-ERS, 2018).

95

7.5 Summary of chapter-7
The chapter outlines the historical development of diesel engines with improvements
in efficiency. The second section calculates heat balance for the Wartsila engine to
estimate the available energy for useful recovery. The third and fourth sections
evaluate various possibilities of utilizing recovered energy to the diesel-engine
propulsion-plant through case study of prevalent technologies applied by two
manufacturers, namely Siemens-ORC and MHI-MERS. Figure-7.18 summarizes the
layout of chapter-7.

Figure 7.18: Summary of chapter-7 (prepared by author).
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CHAPTER 8. THE ECONOMICS OF AN ALTERNATIVE FUEL - LNG
2020 low-sulphur fuel regulation is an example of the buyer-controlled market,
wherein the shipping-industry being the main consumer of residual fuel will directly
impact the shore-industries i.e., refineries and HFO distribution infrastructure to
improve their product as per shipping requirements. The regulation is expected to set
a turmoil in the market with a surge in prices of compliant fuels and will settle as per
the supply-demand curve. The amplitude and duration of the surge are yet to be
experienced and may prove to be a historical study. Selected few alternative fuels may
not have much of its impact as the entire infrastructure comprising production, storage
and distribution system is isolated from the liquid fuel industry and the most favoured
LNG is the biggest player among them. It is an expanding and growing industry with
high promises. However, switching over to LNG has its own calculated financial
impact subject to CAPEX on machinery and market variable impact subject to
availability and price of gas. To understand the financial aspect, the following sections
will discuss various costs related to ships using LNG fuel through a case study
conducted jointly by Maschinenfabrik-Augsburg AG (MAN) and Germanischer Lloyd
(GL) on different size of container ships.
8.1 The cost factor: Fuel cost is the priority consideration in OPEX of a ship, and
hence is an important factor in machinery (CAPEX) selection. Table-8.1 compare the
price of LNG18 and HFO as of 4 July 2018, which indicate a favourable value towards
LNG and provides the basis for Cost-Benefit Analysis (CBA) in Section-8.2.

18

Assumptions:

a. Transportation cost to ship should be added to fuel costs.
b. Liquefaction costs (approx. 3~5$/mm BTU) to be added to henry hub price.
c. Gas lower heating value (LHV) is assumed.
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Table 8.1: Gas to fuel price comparison (DNV-GL, 2018).

Figure 8.1: Price of Gas and fuel (1991-2018) ( (DNV-GL, 2018).

Figure 8.2: Worldwide price of fuels as of May 2018 (Polychroniou, 2018).
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8.2 Case Study – GL and MAN: MAN and GL conducted a cost-benefit analysis
(CBA) for four different compliance systems to the low sulphur requirement with an
estimate of cost, space required and specific fuel consumption, considering five
different sizes of container vessels (Table-8.1), for a one-way voyage of the round trip.
Table 8.2: Container ship description for CBA (Andersen, Clausen, & Sames, 2011).

The CBA for LNG vs. fuel was done considering four different technologies, wherein
the fuel system was studied for scrubber installation with and without waste heat
recovery (WHR) and the LNG system was studied with and without WHR.
8.2.1 LNG system: The LNG tank volume varied with respect to size of engine as per
Figure-8.3a, and added an additional cost to the ship as per Figure-8.3b, equivalent to
a TEU loss of up to 3% for medium-sized vessels (i.e., 4600 and 8500 TEU) and
operating cost 10% above reference vessel. The LNG option used the dual-fuel engine
which requires a minimum 5% pilot fuel in gas mode, Figure-8.4a provides the specific
fuel consumption for three options (HFO, MGO and LNG + Pilot fuel) (Andersen,
Clausen, & Sames, 2011).

Figure 8.3:LNG tank volume (one-leg endurance) and installation cost (MAN-2011).
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8.2.2 HFO with scrubber: The fuel option used wet-scrubber (open or closed loop) to
comply with SOx requirements, according to MEPC.259(68) wash-water treatment
guidelines for exhaust gas cleaning systems. The operating cost was estimated at
5$/MWh, and accounted for 0.3% TEU equivalent loss for space and operating cost
(i.e., crew, spares, consumables and maintenance); overall value 20% above the
reference vessel. Figure-8.4b shows the scrubber operating cost in mUSD/year by
2020 (Andersen, Clausen, & Sames, 2011).

Figure 8.4: SFC for three options and scrubber operating cost (source: GL-2011).
8.2.3 WHRS: The WHRS could save maximum 13% for 18000-TEU vessel at 75% of
MCR but with 0.4% of total TEU loss and 15% higher operating cost as compared to
reference vessel (Andersen, Clausen, & Sames, 2011).
8.2.4 Distillate fuel: The cost advantage is directly proportional to the difference with
the price of HFO and may involve an additional cost of chiller arrangement and
suitable cylinder oil (Andersen, Clausen, & Sames, 2011).
8.2.5 Result and analysis: The cost benefit is the net savings on operating cost (OPEX)
minus lost earnings. Figure-8.5a shows the price comparison for four fuels starting
from 2010 (LSHFO 2020), HFO valued at 650$/t (US$15.3 /MMBTU), MGO at 900
$/ton (US$21.2/MMBTU) and LNG at 13 US$/MMBTU19 that includes distribution
cost of US$4/MMBTU. The payback time is less for a system without WHR due to
relatively smaller investment (Figure-8.5b) (Andersen, Clausen, & Sames, 2011).

19

MMBTU (1 million British Thermal Units) = 1.054615 Giga Joule. (1 BTU is defined as the amount of heat
required to raise the temperature of one pound of water by one degree Fahrenheit).

100

Figure 8.5: Fuel price estimation and cost comparison for 4-systems (MAN-2011).
The LNG system indicates a shorter payback time than the scrubber system with a
higher period for WHRS due to additional cost. A comparison of payback time with
respect to the specific cost for LNG system (CAPEX) and LNG-fuel price difference
(OPEX) is shown in Figure-8.6. Figure-8.6a shows break-even time is higher for larger
ship i.e., more than 6 years and as per the report for a tank system costing more than
US$3000/m2 payback is not favourable. Figure-8.6b shows the payback w.r.t. the price
difference between LNG-HFO i.e., higher price difference provides a shorter time,
with a minimum period of 12months for a difference of $6/MMBTU and about 6 to 7
years for an equal price. Figure-8.6d shows the payback period is 3 years for 2,500
TEU vessel if the LNG-HFO price is equal (Andersen, Clausen, & Sames, 2011).

Figure 8.6: Payback time (a)&(c) CAPEX; (b)&(d) OPEX (GL-2011).
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8.3 European Commission: Analysis of the LNG market development in the EU
The European Commission through CE Delft and TNO conducted a joint study on EU
framework on the LNG fuelled ship and fuel provision infrastructure, by analysing
qualitative aspects of ‘drivers’ and ‘barriers’ to LNG as ship’s fuel and quantifying the
economic feasibility of the LNG use in ten ports. The qualitative analysis indicated the
important drivers for LNG demand is environmental regulations and cost advantage
of LNG over other fuels and contrary to this the main barriers are LNG availability,
the technical knowledge and resale price of LNG ships. The study indicated the
advantage of LNG over other fuel increased with the higher price difference.
The study provided two aspects of cost-benefit analysis for different types of ships:
8.3.1 Financial CBA: included investment costs and benefits
The two important factors are the additional CAPEX and the gas-fuel price difference,
the later further depends upon scale of infrastructure which in many cases showed
negative NPV with weak infrastructure scenario with HFO-Scrubber as baseline, for
e.g., ship-to-ship bunkering with smaller infrastructure cost (barge-to-ship) provided
lower bunker prices than higher infrastructure (truck-to-ship). In most of the cases with
MGO as a baseline, the NPV was positive with a shorter payback time of 3-5 years.
The CBA was indicated in terms of pay-back time which can then be used to derive
the secondary indicator i.e., NPV, which in this case, payback time of <11 years was
considered as positive NPV (Faber, et al., 2017).
8.3.2 Social CBA: included non-financial welfare aspects like environmental effects.
LNG provided a positive social NPV in both cases i.e., MGO or HFO + scrubber, with
a higher value in the former case (Faber, et al., 2017).
The CBA results are sensitive to relative fuel prices and can provide contrary results
with a small variation in the price difference of gas vs fuel.
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8.4 The SWOT Analysis
Certain aspects for strength and weakness based on physical and chemical properties
of LNG as a marine fuel are discussed in chapter-4. The following sections will briefly
describe certain external influences to support the SWOT analysis in Figure-8.10.
8.4.1 Regulations: The regional regulations as discussed in chapter-2, i.e., The US
CARB, EU ports and MARPOL SECA have favoured LNG over HFO. The upcoming
‘2020’ low sulphur fuel requirement is expected to upstage this advantage at a global
level. MARPOL Annex-I, chapter-9, regulation-43, (entered into force 1 August 2011)
prohibits the use and carriage of heavy fuel oil into the Antarctic region, (including
low sulphur HFO); however, LNG being clean fuel is acceptable (IMO-MARPOL,
2011). ‘Polar code part-II-A’ prohibits the discharge of any kind of oil in Arctic waters
(IMO Polar-Code, 2016) that necessitates a higher bilge holding capacity i.e., loss in
cargo capacity. Black carbon a pollutant (Figure-8.7) discussed in MEPC 62nd session
and defined in the 68th session, exacerbates (Antarctic) Arctic warming primarily by
covering the white ice and snow with black particles thereby reducing the ‘Albedo
effect’ (Comer, Olmer, Mao, Roy, & Rutherford, 2015). MEPC in its 70th and 72nd
session has discussed the complete ban of HFO use and carriage in Arctic waters.
Overall, these regulations are counting adversely to HFO and thus creating an
opportunistic niche for LNG to gain the market.

Figure 8.7: Arctic 2015- HFO use and Black carbon emission (Ton)
(Comer, Olmer, Mao, Roy, & Rutherford, 2015).
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8.4.2 Market Based Management: MBM is another regulatory aspect on the table of
IMO for discussion. If in future MBM is adopted, LNG will get a further boost as
being the cleanest fossil fuel, the relevant emission charges are expected to be lower
compared to liquid fuel oils.
8.4.3 Low sulphur HFO: The standard process to remove sulphur from crude oil is
known as Hydro-de-sulfurization, which involves the introduction of hydrogen with a
cobalt-molybdenum catalyst mixture to the sulphurous fraction of oil as the hydrogen
reacts with sulphur to form hydrogen sulphide. The quantity and supply pressure of
hydrogen is proportional to the sourness of oil and directly varies with the cost of
hydrogen20 (Minkel, 2006). The ongoing researches are exploring to produce low
sulphur fuel economically; earlier the solution - higher the threat to the LNG as a fuel.
A joint study submitted by the US and Canada (MEPC/59/6/5) to IMO, estimates an
additional cost of $145/ton for vessels switching over from 3.5% HFO to 0.1% sulphur
fuel and $6/ton for change over from 0.5% to 0.1% (USA-Canada, 2009).
8.4.4 The technical aspects: A series of technological development have favourably
influenced the price of LNG, with a dropping trend since 2005 as shown in Figure-8.8.
8.4.4.1 Shale gas: Development of hydro-fracking was commercially adopted in 2005
and provided an economical access to methane gas from shale layers.
8.4.4.2 Arctic route: Development of ice-breaking LNG21 carriers and opening of the
Arctic Sea route (for a part of the year) has reduced the distance between LNG
terminals in Russia (e.g. Yamal, Sakhalin) and gas consumers in Europe (e.g. Gas
Access To Europe, GATE – Rotterdam) (Figure-8.9) and made it more affordable in
terms of transportation time and cost (Reuters, 2018).
8.4.4.3 Dual fuel engines: The development of dual fuel engines capable of burning
gas and liquid fuel simultaneously proved to be a major feat in the LNG carrier history.
The efficient diesel engines significantly reduced the OPEX of LNG carriers, and
Steam methane reforming produces ‘1 ton of Hydrogen’ from ‘3.5 ton of Methane’ so, if methane price rises, the
LSHFO price will also rise (Shell, n.d.).
21 The first icebreaking LNG carrier for Yamal LNG, “Christophe de Margerie” was delivered in 2017.
20
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hence reduced the transportation cost. Additionally, it made the maritime industry
accept LNG as a marine fuel for motor vessels, which was until then being considered
only as a cargo for shore industries and as a fuel for LNG carriers with steam turbines.

Figure 8.8: Natural gas price after Shale gas technology (Steffens, 2018)

Figure 8.9: The Arctic Sea navigational routes (Comer, Olmer, Mao, Roy, &
Rutherford, 2015).
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Figure 8.10: SWOT Analysis for LNG, LSHFO, LPG & Biofuel (Prepared by author)
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The SWOT analysis (Figure-8.10) summarises internal properties and external
influences on LNG vs. HFO and other alternative-fuel i.e., LPG, biofuel, methanol and
ethanol. The internal characteristics are based on physical and chemical properties and
the external influences considered are economical, regulatory and technical aspects.
The analysis provides favourable results towards LNG as marine fuel.
8.5 Summary of chapter-8
Chapter-8 analyse the financial aspect of LNG based on the price of liquid fuels. The
study is supported by technical feasibility vs. financial payback in a joint study by
MAN and GL. Another study by the European Commission establishes positive NPV
based on financial and social CBA. The last section of the chapter compares various
compliant fuels through a SWOT analysis and accounts for the advantages of LNG
over other fuel. This chapter is summarized in Figure-8.11.

Figure 8.11: Chapter-8 summary (Created by author)
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CHAPTER 9. THE RELATION TO THE EEDI OF SHIPS
9.1 Regulation
IMO adopted resolution MEPC.203(62), which added chapter-4 (regulations 19~23)
to MARPOL annex-VI and entered into force on 1 January 2013.
Regulation-19 provides the applicability to the new ships (>400GRT), with contract
date or major conversion on or after 1 January 2017, or keel laying on or after 1 July
2017 or delivered on or after 1 July 2019.
Regulation-20 requires attained EEDI to be calculated and accompanied by a technical
file, for each new ship or undergone a major conversion, considering the guidelines on
the method of calculation of the attained EEDI, provided by MEPC.245(66), which
supersedes previous guidelines as per MEPC.212(63) and MEPC.224(64).
Regulation-21 requires
Attained EEDI  Required EEDI = {1-x/100} * reference line value,
Where,
‘x’ is the reduction factor in percentage as per Table-1 provided in the regulation-21,
‘reference line value’ = a*b-c, where ‘a’, ‘b’ and ‘c’ is as per Table-2 of regulation-21.
Regulation-22 requires every ship to develop Ship Energy Efficiency Management
Plan (SEEMP), applicable to ships after 1 January 2013 and verifiable at first
intermediate or renewal survey.
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Figure 9.1: Reference lines for bulk carriers (created by author, based on
(MEPC.203(62), 2011).
Table 9.1: a, b and c for reference lines (Source: (MEPC.203(62), 2011);
(MEPC.251(66), 2014)).
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Table 9.2: Reduction factors (%) for EEDI (Source: (MEPC.203(62), 2011);
(MEPC.251(66), 2014)).

Note: n/a - EEDI does not apply,
* - Reduction factor is linearly interpolated between the two values depending
on the ship size, lower value applies to the smaller ship size.
** - Phase 1 applies from 1st September 2015,
***- Reduction factor applies after 1st September 2019.
EEDI indicates the CO2 emission per ship’s capacity mile and a lower value indicates
higher energy-efficient-ship and is indicated as:
EEDI = {Impact to environment / Benefit to Society}
= {CO2 Emissions/Transport Work}

(1)

EEDI = {Engine Power * SFC * CF / DWT * Speed} (g-CO2/ton-mile)

(2)

Source: adapted from (MEPC.245(66), 2014)

(3)
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Where,
SFC: Specific fuel consumption (g/kWh),
CF:

Carbon factor, CO2 generated per unit mass of fuel burned (t-CO2/t-Fuel),

DWT: Dead Weight Tonnage
(100% DWT - all ships, 70% DWT - Container ship, GRT - Passenger ship)
Engine Power: Main and Auxiliary Engine (kW),
Speed: Nautical Mile per hour (M/h), knots.

Figure 9.2: Definition of term in equation-3, adapted from (MEPC.245(66), 2014).
Figure-9.3 provides the notations used in MEPC guidelines, for the efficiency and
power flow from the auxiliary engine and WHRS to generator and then to shaft motor.

Figure 9.3: The efficiency and power flow for shaft motor (created by author).
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Figure 9.4: LCV, carbon content and carbon Factor for fuels (created by author).
Table-9.3 provides the categories of innovative energy efficiency, namely A, B and C
wherein, B and C are subdivided into two groups each. The analysis in the paper
provides the possibility of extended heat range for WHRS providing an increased
output. WHRS is effective at all time during main engine operation hence, the
availability factor is 1.00, and placed in category C-1 (MEPC.1/Circ.815, 2013).
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Table 9.3: Category of innovative energy (MEPC.1/Circ.815, 2013).

9.2 Sample EEDI calculation for a ship (with assumed data).
Considering the explanation on EEDI as per section-9.1 and guidance provided in
MEPC.1/Circ.815 for WHRS used to generate electricity, EEDI for a ship is calculated
for three conditions to analyse the relation of heat recovery and its effect and attached
as excel sheet in Table-9.6. Table-9.4 provides the reference lines for required EEDI
of reference tanker. Table-9.5 (Sl. No. 1 to 26) provides the relevant assumption made
for essential parameters due to unavailability of actual data. In addition to Table-9.5,
the following basic assumptions are made for the EEDI calculations.
A 32000 GRT tanker with the dual-fuel main engine (M/E) ‘W16V31’ of Specified
Maximum Continuous Rating (SMCR) 9760 KW and reference velocity of 20 knots
is fitted with shaft motor (PTI = 1000 kW). PAEeff Loss = 3% of the electricity produced,
is the necessary power to drive the waste heat recovery system.
(1) The first calculation in Table-9.7, Sl. No. 31 to 38, provides the attained EEDI ref
for the reference ship, considering the main engine, the auxiliary engine and the PTI.
(2) The second calculation in Table-9.7, Sl. No. 41 to 48, provides the attained EEDI1,
and includes the subtraction factor of innovative energy from WHRS – ORC when
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working within a normal working range of (300/240 // 240/140C - Table-7.2
(Siemens-ORC, 2014)), that provides reduced EEDI1. Considering the MAN’s claim
and Siemen’s calculation as provided below, WHRS system working efficiency is
assumed 10% of main engine SMCR.
1. Considering the claim of MAN B&W, the maximum waste heat recovery for a
system fitted with PTG system is approx. 3.5% of M/E SMCR, the STG system can
recover 5% to 7% of M/E SMCR and a combination of PTG and STG can recover up
to 10% of M/E SMCR (MAN-B&W, 2014, p. 4.05).
2. The calculation in chapter-7 for waste heat recovery based on Siemen’s ORCmodule-3 for ‘Wartsila-W16V31’ provides 1037.21 KW of energy for 9760KW of
main engine i.e., 10.62% of main engine SMCR rating.
(3) The third calculation in Table-9.7, Sl. No. 51 to 58, provides the attained EEDI2
for an enhanced system with the use of LNG and proposed extended lower working
temperature of (300/220 // 220/110C - Table-7.2) (Siemens-ORC, 2014) used on
Wartsila engine ‘W16V31’ {product guide (Wartsila, 2017), (Appendix-7A)}.
Considering the following calculation, WHRS enhanced system working efficiency is
assumed 11% of main engine SMCR.
1. Total fuel (MDO) burnt in engine per hour
= SFOC * Power output = (173.4*9760) gm/hr
= 1692384/(106) ton/hr = 1.692 ton/hr.
2. Total gas equivalent (converted from test fuel MDO to LNG w.r.t. calorific value)
The calorific value for methane is taken from IMO’s (MEPC.281(70), 2016).
The calorific value of MDO is provided in the test report (Appendix-7A, P3-16).
= (quantity of MDO * Calorific value MDO) / (Lower Calorific value (LHV) methane)
= (1.692 * 42700) / 48000 = 1.5055 ton/hr (of methane).
3. Total fuel energy in.
= Mass of methane * LHV of methane = (mass of MDO* calorific value MDO)
= 1505.5 kg/hr * 48000 kJ/kg
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= 7.22648*1010 kJ/hr
= (7.22648 * 1010) / 3600 kJ/sec
= 20073.554 kW. (provides same result as in Table-7.1 for MDO)
4. Total power out from engine
= 9760 kW (Appendix-7A and Table-7.1)
5. Energy with the exhaust gas at 140C (413K) (Cp values are taken from Table-5.4)
= 1505.5 Kg/hr * 19.9135 * {(0.721*3352/28) + (0.0174*3418/32) +
(0.0873*4543/44) + (0.1743*3860/18)} kJ/kg
= 1505.5 * 19.9135 * {86.314 + 1.859 + 9.014 + 37.377} kJ/hr
= 1505.5 * 19.9135 * 134.564 kJ/hr = 4034198.34 kJ/hr = 1120.61 kW.
6. Energy with the exhaust gas at 110C
= 1505.5 kg/Hr * 19.9135 * {(0.721*2474/28) + (0.0174*2515/32) +
(0.0873*3305/44) + (0.1743*2841/18)} kJ/kg
= 1505.5 * 19.9135 * {63.71 + 1.368 + 6.558 + 27.51} kJ/kg
= 1505.5 * 19.9135 * {99.146} kJ/kg
= 2972374.7 kJ/3600 sec
= 825.66 kW.
7. Total available energy between temperature 140C and 110C of exhaust gas
= 1120.61 – 825.66 kW
= 294.95 kW ~ (Approximately 295 kW).
8. ORC recovery with 19.6% efficiency (Table-7.2) (Siemens-ORC, 2014).
= 294.95 * 0.196 kW.
= 57.8 kW of extra energy can be recovered by the ORC unit – module3 if the operating
temperature range is increased from (actual 300/240 // 240/140C) to (proposed
300/220 // 220/110C).
9. Total energy recovered by ORC unit with normal operating temperatures (300/240
// 240/140C). calculated in Figure-7.5 and 7.6.
= 1037.21 kW i.e., {(1037.21/9760) * 100%} = 10.62% of M/E SMCR.
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10. Total energy recovered by ORC unit with enhanced operating temperatures
(300/220 // 220/110C) with the use of LNG fuel and no sulphuric acid formation.
= 1037.21 + 57.8 kW i.e., {(1095.01/9760) * 100%} = 11.22% of M/E SMCR.
The calculation provides an increase in output for the WHRS – ORC unit, for the
Wartsila engine W16V31, if the lower working temperature range is increased from
140C to 110C. The unit can recover about 11.22% of M/E SMCR. For the EEDI2
calculation, a minimum safe value of 11% is considered in Table-9.6, Sl. No. 51 to 58.
Table 9.4: Reference lines for required EEDI graph for tanker (created by author).

Figure 9.5: Reference lines and attained EEDI (based on Table-9.4, 9.5 and 9.6).
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Table 9.5: Attained EEDI for tanker22 (assumptions for the model ship).

22

The assumed power of main engine (9760 kW) satisfies the minimum propulsion power for 32000 DWT tanker,
required as per MEPC.262(68) equation, {a * DWT + b};
Where, a = 0.0652 and b = 5960.2. i.e., {0.0652*32000 + 5960.2} = 8046.6 kW.
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Table 9.6: Attained EEDI for tanker (calculations in excel sheet for the model ship).

The three EEDI values obtained in Table-9.6, are shown in graphical Figure-9.5. Each
value qualifies for each phase of required EEDI and shows the importance of the small
gain in EEDI by increasing the working range of exhaust gas temperature. This gain
in EEDI can make a ship qualify for the upcoming phase 2 requirement i.e., 20% more
efficient than the reference ship in phase 0.
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9.3 Summary of chapter-9
The first section of the chapter describes the regulations and procedure to calculate
EEDI followed with the EEDI calculation for a hypothetical vessel. Three cases are
considered, first for reference ship without WHRS, the second with WHRS (sulphur
contaminated fuel) working within the normal operating range of 300C to 140C and
third with WHRS (LNG) an enhanced operating range of 300C to 110C. The
calculation thus establishes the gain in EEDI due to waste heat recovery and an
enhanced gain by increasing the operating range to lower possible temperature. The
result for the calculation is tabulated in Table-9.6 and categorized based on attained
EEDI  required EEDI value.
Table 9.7: Required EEDI and attained EEDI (based on Table-9.6).
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CHAPTER 10. CONCLUSION
IMO-MEPC conducted a comprehensive study on the impacts of SO2 generated by
shipping on human health and the environment, and based on the result a decision was
taken to monitor and regulate the sulphur content in marine fuels in stages, finally to
0.5% in non-ECA and 0.1% in ECA zones, as defined by MARPOL Annex-VI. In
addition to IMO’s study on the SOx effect, this paper extends the analysis on technical
impacts of SOx on ships and its machinery and the technical limitations within the
system to completely recover the heat from combustion gas.
The dissertation considers LNG as a potential solution to the regulatory requirements
and technical limitations of sulphur in the fuel. In addition, LNG qualifies as fuel for
polar navigational areas i.e., the Antarctic circle and the Arctic (under consideration)
under Polar Code. The transportation of LNG was solely developed as an economical
and cleaner alternative to coal and other fossil fuels responsible for land-based
pollution; nevertheless, the limitation to re-liquefy the boil-off during transportation
necessitated the development of gas-fuel based propulsion system, i.e., a dual-fuel
boiler and steam turbine plant. The system has evolved multi-fold in terms of
technology, efficiency and safety since the first successful LNG was transhipped using
boil-off gas as fuel for its propulsion plant. The development of dual-fuel marine
engines made LNG a fuel of choice for motor vessels and thus has together formed the
basis for the development of regulations for the gas fuel propulsion system i.e., the
IGF Code.
Sulphur oxides in presence of water vapour condense as sulphuric acid below 160C
and causes acidic corrosion of the metallic components. To avoid machinery damage
a technically accepted practice is to maintain exhaust gas temperature above the dew-
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point of acids; however, this leads to a significant loss in energy recovery and results
in lower efficiency of the system. The calculation in this analysis estimates a loss of
394KW of energy, between 170C and 110C of combustion gas from every ton of
methane burnt with 10% of excess air. This energy can otherwise be recovered if acid
forming gases are absent from the combustion products and LNG as a fuel provides
the best solution. This recovered energy can be efficiently applied in the steam turbine
based and the internal combustion engine based propulsion systems. The application
in steam plants can be based on heat exchangers only as low-temperature heat load
requirement for the system is high. Additionally, a system based only on thermal
exchange provides higher efficiency as no mechanical or electrical loss is
incorporated. For an internal combustion engine based system the general practice it
to convert this energy into electrical energy and use it for ship’s requirements or boost
the main propulsion through a shaft mounted SGM. The system uses the Rankine cycle
with an organic fluid or water/steam as a heat carrier. In certain systems, it is
complimented with exhaust gas driven turbines. The efficiency of the system is subject
to thermal cycle efficiency and mechanical/electrical losses but is optimised for
efficient performance. For example, MAN claims an overall recovery of 3.5% with
only the PTG system, 5-7% for the STG system and up to 10% of equivalent power
output for a combined system at main engine MCR for its WHRS (MAN-B&W, 2014,
p. 4.05). In addition to efficiency, WHRS with ORC-Generator-SGM provides safety
against total blackout, which otherwise may necessitate emergency DG supply and
complete plant restart. SGM works as shaft power boost during normal PTI-function
(motor mode) and automatically changes over to PTO-function (generator mode) in
case of the main bus blackout.
The underlying benefit of recovering a higher quantity of low-end heat from the acidfree combustion system, by increasing the operational range, will increase the overall
plant efficiency and reduce fuel consumption, which can be related to the gain in EEDI
of ships. As per the attained EEDI calculation in Table-9.6, this slight gain in EEDI
benefits a phase-1 ship to qualify for phase-2. This advantage can be established by
any of the sulphur-free fuel i.e., LPG, biofuel, methanol and ethanol.
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The proposal likewise has considerable applicability beyond the ocean boundaries, and
to the shore, industries using combustion-based energy source, i.e., gas-fuelled thermal
power plants, gas turbines plants.
The CBA conducted by MAN-GL provided a favourable outcome towards LNG as
marine fuel. Though with a higher initial CAPEX, the breakeven period for 18000
TEU containership is calculated 84 months if the price of LNG and HFO is equal and
only 12 months for a price difference of $6/MMBTU, and with a lesser payout period
for smaller ships. The evaluation also provides an option to existing vessels for retrofit
and realise the benefits of sulphur-free fuel. LNG as a marine fuel also provides
winning results in the comparative SWOT analysis, against other fuel options.
The conclusion of the research provides an optimistic underlying relationship between
the MARPOL Annex-VI low sulphur regulation-14 and regulation-21, 22 for EEDI,
as calculated in Chapter-9. It provides a positive payback in terms of technical and
financial advantage, in addition to the known element of human health and
environmental benefits. The higher initial cost of LNG compatible machinery
installation will be well paid back in terms of higher system efficiency and reduced
fuel consumption as compared to sulphur contaminated fuel based similar systems,
with an added advantage of an enhanced EEDI. This dissertation provides a different
perspective to all the stakeholders to these regulations, with the choice of sulphur-free
fuel.
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APPENDICES
Appendix-2A: Sulphur monitoring programme
2A.1: Sulphur monitoring programme 1998 – 2009 – 2017.

Reference: section 2.1.4.
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2A.2: Worldwide average sulphur content (three-year rolling average)

2A.3: Sulphur monitoring programme for Distillate Fuel 2010-2017.

2A.4: Worldwide three-year rolling average sulphur - Distillate Fuel.
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Appendix-3A: Sources of Sulphur Dioxide
3A.1: Natural sources of Sulphur Dioxide (Volcanic – total 76).

(Source: https://www.nature.com/articles/ngeo2724#supplementary-information).
(with reference to section-3.6)
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3A.2: Natural sources of Sulphur Dioxide (Volcanic – total 76).

(Source: https://www.nature.com/articles/ngeo2724#supplementary-information).
(with reference to section-3.6)
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3A.3: Examples of major anthropogenic sources of Sulphur Dioxide.

(Source: https://www.nature.com/articles/ngeo2724#supplementary-information).
(with reference to section-3.6)
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Appendix-3B.1: Water Vapour Pressure (mmHg), by Equation-1, Section-3.7

(with reference to section-3.7)
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Appendix-3B.2: Water Vapour Pressure (mmHg) – graph, based on Equation-1, Section-3.7.
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Appendix-3C.1: Nitric Acid ‘Dew-Point’, calculated as HNO3 (vPPM), Equation-5, Section-3.7.
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Appendix-3C.2: Nitric Acid Dew-Point Interactive Graph (vPPM), Equation-5, Section-3.7.
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Appendix-3D.1: Sulphuric Acid ‘Dew-Point’, calculated as SO3 vPPM, Equation-2, Section-3.7.
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Appendix-3D.2: Sulphuric Acid Dew-Point: Interactive Graph, SO3 vPPM, Equation-2, Section-3.7.
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Appendix-5A: Excel sheet for Cp Calculation - Table-5.3.
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Appendix-5B.1: Enthalpy - CO2 kJ/mol (Chase, 1998).
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Appendix-5B.2: Enthalpy - H2O (Real gas) kJ/mol (Chase, 1998).
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Appendix-5B.3: Enthalpy - H2O (Ideal gas) kJ/mol (Chase, 1998).
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Appendix-5B.4: Enthalpy - N2 kJ/mol (Chase, 1998).
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Appendix-5B.5: Enthalpy - O2 kJ/mol (Chase, 1998).
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Appendix-5C: Enthalpy Calculation Sheet - Table-5.4

Gas Species
Mol Wt. (kg/kmol)
Temperature
(K)

298
300
310
320
330
340
350
360
370
380
383
390
400
410
420
430
440
443
450
460
470
480
490
500

Cp°

Enthalpy (kJ/kmol)
N2 = 28.01

O2 = 31.999

CO2 = 44.01

Nitrogen

Oxygen

hf = 0 (kJ/mol)

hf = 0 (kJ/mol)

hf = -393.522 (kJ/mol)

0.00
53.91
345.18
636.53
927.95
1219.46
1511.08
1802.82
2094.70
2386.73
2474.37
2678.93
2971.33
3263.94
3556.78
3849.87
4143.25
4231.32
4436.92
4730.93
5025.28
5320.02
5615.17
5910.75

0.00
54.09
348.28
643.03
938.38
1234.38
1531.06
1828.45
2126.61
2425.55
2515.39
2725.31
3025.92
3327.41
3629.79
3933.11
4237.37
4328.83
4542.59
4848.80
5156.00
5464.22
5773.46
6083.72

0.00
65.85
440.36
819.45
1202.99
1590.83
1982.88
2379.02
2779.14
3183.16
3305.11
3590.98
4002.51
4417.68
4836.40
5258.59
5684.20
5812.53
6113.14
6545.34
6980.76
7419.31
7860.95
8305.61

H2O = 18.015

Carbon Dioxide Water: Ideal Gas

Temp (º C)
25
27
37
47
57
67
77
87
97
107
110
117
127
137
147
157
167
170
177
187
197
207
217
227

= A + B*t + C*t2 + D*t3 + E/t2

H° − H°298.15 = A*t + B*t2/2 + C*t3/3 + D*t4/4 − E/t + F − H
Cp

= heat capacity (J/mol*K)

H°
t

= standard enthalpy (kJ/mol)
= temperature (K) / 1000.
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H2O = 18.016
Water: Liquid,
p=1bar

hf = -241.826 (kJ/mol) hf = -285.830 (kJ/mol)
@T=298.15K
@T=298.15K

0.00
62.39
396.04
729.52
1063.09
1396.99
1731.41
2066.51
2402.43
2739.33
2840.62
3077.36
3416.68
3757.49
4099.99
4444.43
4791.09
4895.56
5140.28
5492.36
5847.73
6206.83
6570.17
6938.27

0.00
140.82
893.87
1646.52
2399.39
3153.01
3907.80
4664.11
5422.30
6182.68
6411.27
6945.60
7711.45
8480.65
9253.67
10031.08
10813.48
11049.29
11601.61
12396.25
13198.32
14008.82
14828.87
15659.68

Appendix-7A: Product Guide - Wartsila w31, (Wartsila, 2017).

151

152

153

154

155

156

157

